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ABSTRACT 


The XR-3 Loads and Motions Program, a digital computer 
Simulation of the six degrees-of-freedom equations of motion 
for the XR-3 captive air bubble test craft, is subjected to a 
wide range of regular and irregular wave excitations. The 
operating characteristics of the simulated craft and the 
frequency response functions for the heave, pitch, and roll 
responses in ahead, abeam, and following seas are obtained 
for regular wave excitations. The ahead seas frequency response 


functions are verified with irregular wave excitation. 
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I. INTRODUCTION 


A. BACKGROUND 


Since 1973 work has been ongoing at the Naval Postgraduate 
School on a digital computer model that simulates the forces 
generated in and the motion experienced by the school's two 
ton XR-3 captive air bubble test craft. The origin of this 
model was the "SES Loads and Motions Program" developed for 
the U.S. Navy by Oceanics Inc. for the Bell 100 ton (100-B) 
surface effect ship / Ref. 1_/. Since there were major design 
differences between the 100-B and the XR-3, Leo and Boncal 
[ Ref. 2_/ converted the 100-B model to an initial representa- 
tion of the XR-3 test craft. 

In 1974 Finley / Ref. 3 / refined the bow and stern seal 
subroutines of the XR-3 model and developed new lift fan maps 
in order to improve the model's performance by providing more 
realistic air flow rates. At the same time Forbes / Ref. 4 / 
measured various variables of the actual XR-3 test craft while 
in operation and compared them with the computed values from 
the XR-3 model. Forbes also introduced several modifications 
to various subroutines of the model. By the end of 1974 there 
were three versions of a program to simulate the XR-3,. 

During 1975 Menzel / Ref. 5 _/ undertook a comparison of 
Finley's and Forbes's versions by looking at their pitch and 


roll characteristics. Based on the results of this study, 
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Menzel introduced program modifications to improve the com- 
puted pitch and roll behavior of the simulated XR-3. Menzel's 
version is considered to be the best to date but there are 
still portions of the model that require study. 

Before additional modifications are made, however, it was 
deemed desirable to provide a baseline with which further 
versions could be compared. In addition it was noted that 
the majority of the past work had been performed while oper- 
ating the model in calm water conditions. Although the model 
includes a “sea-state generator," relatively few runs had been 
made simulating the XR-3 craft in the presence of waves. Two 
reasons account for this. Past work has been primarily con- 
cerned with developing the force interactions within the 
model where the response of the model to wave forcing actions 
was not desired. Second, a large amount of CPU time was 
necessary to simulate a few seconds of simulated run time. 

The response of the craft, however, to various wave inputs 


provides a commonly used baseline for future comparisons. 
Ee OBJECTIVE 


The objective of this study was to investigate the dynamic 
and operational characteristics of Menzel's model when sub- 
ject to many differing operating conditions. In particular 
it was desired to obtain the frequency response of the model, 
i.e., the response of such characteristics as heave, pitch, 


and roll as functions of wave frequency and amplitude. In 


14 


support of this primary objective it was desired to review 
the characteristics of ocean waves and the interaction of 


waves and craft in the XR-3 digital model. 
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II. FREQUENCY RESPONSE FUNCTIONS 


The fundamental principle of linear systems is that in 
the frequency domain the response of a system, Y(w), is equal 
to the excitation, X(w), multiplied by the system's transfer 


function, H(w): 
Y(w) = X(w)H(w). 
Also | Y(w)| =|X(w)| | H(w)| 


/Y (w) = /X(w) + /H(w) 
where | | denotes the magnitude and /_ the phase and 
s(w) = s.(w)-| H(w)|* 
y X 


where S,.(w) and 5,,(w) represent either the power spectral 


density or energy spectral density of the excitation and 
response respectively. 

This concept, ingrained in the electrical engineer, is 
also used by naval architects and marine engineers to describe 
the motion of a displacement type vessel in a random sea and 
was first proposed for such use by St. Denis and Pierson 
/ Ref. 6/7. The marine engineer refers to the transfer func- 
tion as the "frequency response function" and | H(w)| * as 
the "Response Amplitude Operator," (RAO). The excitation is 
the ocean. wave and the excitation frequency is given in terms 


of the encounter frequency (see Appendix A). Using this 


IL 





concept, the vessel can be represented as a single input, 
multiple output system as shown in Figure 1. The frequency 
response functions thus describe the vessel in terms of sev- 
eral linear input-output relationships. There can be a sep- 
arate frequency response function for each degree of freedom. 
They can be obtained either theoretically or experimentally 
by such techniques as towing a model in regular waves in a 


towing tank and measuring the response of interest. 





R, (+) 
R,(t) 
ne) : Responses 
wave R; (t) 
displacement ; 
Ry (+) 
Peed ue tic y 
Response 
Functions 


Craft Input-Output Relationship 


Figure 1 
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The assumption that the excitation-response relationship 
is linear is not true for the SES craft since the hydrodynamic 
and aerostatic characteristics of the SES are inherently non- 
linear. However a theoretical frequency response model for 
the XR-3 was developed by the Aerojet-General Corp. / Ref. 7_/ 
using a four degree-of-freedom representation of the craft 
(responses in surge, heave, pitch, and rolij.) Tt wag) accumed 
that the response motions were small enough so that the devia- 
tion from the linear response was negligible for the motions 
in the vertical plane. 

The frequency response characteristics obtained from this 
model are reproduced in Appendix B and discussed further in 
Chapter IV. The predictions were compared to the results from 
% scale model towing tests and, in general, the experimental 
and theoretical frequency response information was found to 
Show good agreement. 

The purpose of this study was to obtain the frequency 
response functions for the XR-3 Loads and Motions program, a 
time-domain model that simulates the craft in six degrees-of- 
freedom and provides time domain outputs of the craft's motions 
and forces for the on-bubble mode of operation. Since the 
model provides time-domain outputs, determination of the 
response Shee vemenles was baSically an experimental process 
consisting of running the model in a sinusoidal wave many 
times for different wave frequencies, amplitudes, and craft 


speeds. The desired responses were observed, measured, and 
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plotted as functions of the encounter frequency. The process 
and results are discussed in detail in Chapter IV. 

However, because the program provides for all six degrees- 
of-freedom, the inherent nonlinearities of the SES craft are 
incorporated into the model, particularly in the coupling of 
the various degrees of freedom. The generality of the fre- 
quency response obtained is therefore dependant on the signi- 


ficance of the nonlinearities. 


Ly 





IIIT. WAVE SIMULATION IN THE MODEL 


The XR-3}3 Loads and Motions program has the capability of 
simulating the craft's motion in regular and irregular seas. 
The purpose of this section is to review briefly the charac- 
teristics of ocean waves and their modeling in the computer 


program. 
A. WAVE CHARACTERISTICS 


The outstanding characteristic of the open ocean is its 
irregularity which can be described by statistical methods 
on the assumption that a large number of regular (sinusoidal) 
‘waves having different wavelengths, frequencies, directions, 
phase, and amplitudes are superimposed to form the randomly 
varying sea. Consequently a brief look at the properties of 
regular waves 1s necessary. 

It is common to characterize wave motion by the direction 
of the field displacement; waves are either transverse or 
longitudinal. In the transverse wave the field intensity 
oscillates in a direction perpendicular to the direction of 
wave travel, as in the electromagnetic wave. In the longi- 
tudinal wave the particles of the medium move in a direction 
parallel to the motion of the wave itself as in the sound 
wave. However ocean waves can be considered a combination 
of the motion experienced in both the transverse and longi- 
tudinal waves since the path of an individual water particle 


is circular as a wave moves by. 
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The properties of regular waves are well defined by 
gravity-free surface wave theories. It is assumed that the 
wave crests are straight, infinitely long, parallel and 
equally spaced and that wave heights are constant. The wave 
advances in a direction perpendicular to the line of the 
crests at a uniform velocity, C, often referred to as "cel- 
Srity" to emphasize that it 1s the wave form rather than the 
water particles that advances. 

For convenience the regular wave is normally modeled as 


a Sinusoid with the following properties: 








Wave Velocity: C= (§A)2 = + = = (III-1) 
Frequency: w= (2Bya = -— (ITI-2) 
Wavelength: n = £m (B= 5) 
W 
Wave surface profile: 
A(x,t) = A, cos (au4 - wt +z) (III-4) 


where = angular frequency (radians/sec) 


W 

A = wavelength 

T = wave period 

g = gravitational constant 


x = distance along the direction of 
propagation from a defined origin 


&= phase angle at the origin 


A = maximum wave amplitude 


ape 





The slope of the wave surface is obtained by differentiating 


(III-4): 





-27A 


The maximum wave slope is then: 


27 A. 360 Ay 
v= — radians = 


A i 


An important property of the regular wave is the energy 


degrees (III-5) 


_associated with it consisting of kinetic energy associated 
with the orbital motion of the water particles and potential 
energy resulting from the change in water levels in wave 
hallows and crests. The average energy per unit area of 


surface for a regular wave is / Ref. 8 /: 


Ze 
Ek = k A, : (III-6) 


HY) 


where k is a water density constant. 

The irregular elevation or amplitude of the sea surface is 
considered to be composed of a theoretically infinite number 
of small amplitude sine waves of different frequencies. Since 
the wave frequencies differ, the velocities of propagation 
differ (III-l1) so that at a particular spot on the ocean the 
phases of the individual waves are uniformly distributed over 
27 radians. The wave amplitude at that spot is the sum of 
the individual wave amplitudes and is therefore also random. 

Oceanographers describe the random amplitude of the sea 
by use of an energy density spectrum. This indicates the 


amount of energy in the different component waves which have 


Ee 





combined to produce the observed irregular pattern. It is 
a plot of the energy density per unit frequency, S(w), versus 
frequency, (w). S(w) is equal to E/éw where E is the energy 
per unit area of the wave surface and Sw is an incremental 
frequency element. 

The area under the spectrum represents the total energy 


per unit surface area of the sea surface sincé: 


W W 
E ne _ 
me w= [scant 
0 0 


The area between any two frequencies, W,, and w,, represent 


2? 
the energy density associated with all waves between the two 
frequencies. It can be shown that the total energy in this 


frequency increment 6w at a central frequency w, is / Ref. 
au : 
KS(w.) Ow. 


Since the regular waves the energy per unit surface area 1s 
proportional to the square of the wave amplitude (III-6) it 
follows that the square of the amplitude of a wave having the 
game energy as all the wave components in a band of frequencies 


represented by § w is: 


aé = 28(w,) dw (Galen) 


This allows the construction of an approximate energy density 
spectrum from a finite number of regular wave components for 


a given sea condition. 
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Certain visible properties of the random sea that can be 
measured by trained observers have also been related to the 
total energy E and are listed in Table I / Ref. 9 7. The 
most commonly referred to property is the Significant Wave 
Height, defined as the average of the heights of the highest 


third of the waves observed and usually written as H 


1/3 
several mathematical models of the energy density spectrum 

have been proposed but the most widely used model today for 

wind generated sea states is the Pierson-Moskowitz spectrum 


peRet. 10 /. It is given by the equation 


Ly 
2 -0.74(w_/w) 
S(w) = oOWieik ey a ee (Teter) 


WwW 


(0.210 -2/, /4)?. 


where Mh 


and is plotted in Figure 2 as a function of significant wave 
height. 
Pierson and Moskowitz also developed a relationship 


between the significant wave height and wind velocity, U, 





as: 
H ue (III-9) 
_ e Ie, ee | - 
Hy /3 OR z 
TABLE I 
Approximate Wave Height Data 
mmie frequent wave Heovonuuan. «ave + «6 ene sine a 1.4/E 
Average wave Nelght wcercecersvvecvrvesssetsvevvesseee 1.77/E 
H e @#*eeee#e#e*#*ee#e8e80e8t8t @ @ @ @ 6 @ e#ee¢0¢0¢0 6 6 @ 6 * 6 2.83/E 
/ 3 pe 
H e ¢ t | e#eee%e*#¢ee4#( #8 @ @ @ 6 @ t @#ee%e%#e °6 6 e#6¢e6¢ 6 8 3 60 E 
Hy /10 Tee 
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Substitution of equation III-9 into III-8 yields 


Ly Ly 
S(w) = 2:08 = : Giiiemay 


It is this form of the Pierson-Moskowitz spectrum that can 
be used in the XR-3 model to generate wave components for 
the simulation of a random sea as discussed in the follow- 


ing section and Chapter V. 
foe SOLMULATION “IN THE MODEL 


Two subroutines of the XR-3 Loads and Motions program, 
INCON and WAVES, are involved in the construction and simu- 
lation of waves. INCON develops the wave components to be 
used in the construction of the regular or irregular seas 
and prepares the wave parameter table section of the program's 
summary listing. WAVES calculates the wave forces and moments 
acting on the craft and generates the wave amplitudes at the 
various stations around the hull as well as the bubble volume 
lost due to wave elevation. 

1. Subroutine INCON 

Four options are available to define the wave compon- 
ent frequencies and amplitudes. 


Option 1: The amplitudes and frequencies (rad/sec) 
of up to 10 wave components are specified. 


Option 2: The amplitudes and wavelengths of up to 
10 wave components are specified. 


Option 3: The significant wave height (H 3) and 
Slgnificant range of periods abe specified. 


26 





Option 4: The significant wave height and range of 
Slgnificant wave frequencies are specified. 


Options 1 and 2 allow the user to construct the regular wave 
with one component or irregular seas composed of up to 10 
components. In option 3 and 4 the program calculates the 
wave components from the Pierson-Moskowitz energy density 
spectrum based on the Hy /3 and the range of frequencies in 
the spectrum. If option 3 is used the upper and lower period 
limits specified are converted to the lower (w, ) and upper 
(w,) frequency limits of the spectrum. 

The desired number of component amplitudes and fre- 
quencies are developed from the spectrum as follows. The 
frequency range is divided into as many increments as there 
are desired wave components. The width of each component is 
Wyo" where n is the increment number and c is a weighted 
scaling factor defined as 

1/N 


Wa 
) 
Li 





oe = I 


where N is the number of wave components. 

The central frequency of each increment, Ww. is deter- 
mined by finding the midpoint of the increment,and the energy 
density per unit frequency, S(w), is calculated from equation 
TII-10 for each Wie The central frequencies of each of the 
increments are then used as the component frequencies. The 
component wave amplitudes are found by taking the square root 
er equation III-7, 1.ée., 


i 
2 


Be (25(w,) +6 w)*. 
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The above computations are performed in INCON from statement 
INCN3600 to INCN4100. 

After the frequency and amplitude of each wave compo- 
nent is determined, the waveslope, initial encounter frequency, 
and encounter period of each wave component is calculated 
(statements INCN4720 through INCN4920). This information is 
listed in the wave parameters table section of the program's 
summary listing. It should be stressed that the encounter 
frequencies listed are only true if during the simulation the 
epecd 1S maintained at the initial condition speed. 

2. subroutine WAVES 

Once the regular wave components with the appropriate 
distribution of amplitude and frequency have been determined 
in INCON, subroutine WAVES constructs the irregular sea simply 
by adding together the regular wave components as time pro- 
gresses. It's important to note that this is not a true 
random sea Since the irregular wave formed by the sum of 
several periodic regular waves must also be periodic unless 
of course one of the regular wave frequencies is an irrational 
number. However, it is also apparent that the period of the 
irregular wave may be exceptionally long as compared to that 
of any of the regular waves and that in the course of the 
simulation, one cycle of the irregular wave may not be com- 
pleted. Therefore the irregular sea developed by adding 
together the component regular waves may be considered pseudo- 


Pandom. 
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WAVES generates the wave amplitudes at the various 
stations around the sidewalls and seals relative to calm 
water. The wave elevation relative to any point on the craft 


th 


is represented for the n component wave by 


Be oe . 

ETA (x,y) ee sia Ee (-xcosY - y sinY) + cats) (TII-11) 

where 
= on ee 
eee) = Wot ay (-X, cos@ - Y, sing ) ICC) 
oR and L, represent the position of the center of 

gravity of the craft with respect to the inertial reference 
frame and are time-varying quantities as the craft moves. 
Bis the angle between the normal to the wave crests and the 
inertial frame X axis as shown in Figure 3. The craft axes 
are x and y and the two define any point on the craft in the 
horizontal plane. The angle y is the angle between the ship 
xX axis and the normal to the wave crests and is defined as 


Y=A-¥ 


It is not difficult to see how the relative motion 
between the craft and wave is accounted for in equation III-ll. 
Assume that the wave height at the center of gravity is desired 
for a craft heading straight into the waves. Then x = 0, 
y= 0, A= 180°, and % = 0°. Equations III-11 and III-12 


then reduce to one equation 


= : on 
ETA, (¢-&-) SB SU (w,,t + ae x 
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wave crest 


wave direction 





Figure 3. Relation between ship axes, wave 
direction, and inertial reference 
frame. 
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But X, is Vt, where V is the craft velocity, and w= US 





(Eq. III-2) giving 


ETA, (c-8-) Si An AG 


The argument of the sine is therefore the encounter frequency 


times time were ie (C + V) aa 
n 





as shown in equation A-3. 


Equations III-1l and III-12 are represented by statements 
WAVS2530, WAVSO540, and WAVSO910. 

Because the integration routine used in the program 
cannot calculate an instantaneous rise in the build-up of 
the wave amplitude, the amplitude of the wave is restrained 


by a factor 


AMPFAC = 1.0 ~ e7 t/1-30287_ 


This restriction of the wave amplitude is evident in the time 
responses shown in chapter 4. 

The primary function of WAVES is to calculate the 
wave forces and moments acting on the craft. This is described 
in detail in reference 1. WAVES also has the option of 
printing the wave elevations at the various stations and 
center of gravity, the plenum volume lost due to the waves , 


and the wave forces and moments. 
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IV. REGULAR SEA RESPONSE CHARACTERISTICS 
A. PROCEDURE 


Determination of the response characteristics of the XR-3 
Loads and Motions computer program was basically an experimen- 
tal process. In brief, a particular value of craft speed, wave 
amplitude, and wave heading was chosen and held constant while 
the model was repeatedly run in a sinusoidal regular wave, 
each run having a new wave frequency. The desired oscillatory 
response was measured for each run and plotted as a function 
of the encounter frequency. A new value of either craft veloc- 
ity, wave amplitude, or wave direction was chosen and the runs 
were repeated. 

The craft velocities used were 10, 20, and 30 knots which 
covered the speed range of the actual XR-3 test craft. Three 
wave headings of 180, 90, and 0 degrees were chosen thereby 
Simulating the craft in ahead, abeam, and following seas 
respectively. The wave frequencies were chosen to cover the 
range of frequencies contained in a random sea and present 
integer values of encounter frequency to the craft as dis- 
cussed in Appendix A. The responses of primary interest 
were roll, pitch, and heave at the center of gravity. 

The XR-3 model can be run with constant speed or constant 
thrust options. With the constant speed option the thrust is 


varied as necessary to maintain the required speed. With the 
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constant thrust option, the thrust is held constant and the 
speed is allowed to vary as the simulation progresses. The 
data presented here was obtained while operating the program 
with the constant thrust option as it simulates the operation 
of the actual XR-3 test craft more closely. However the con- 
stant speed option was used frequently to obtain initial 
operating conditions as is explained later in this chapter. 

The program's initial conditions in pitch, draft, plenum 
pressure, and thrust were determined as a function of speed 
and are given in Appendix C. Appendix D lists the craft 
parameters used. The model was normally run for 35 seconds 
to ensure that the steady-state responses had been obtained. 
The responses were assumed to have reached steady-state when 
their peak-to-peak and average values remained constant for 
at least ten seconds. The responses were normally sampled 
and printed every 0.05 seconds to ensure that the minimum 
Nyquist rate was more than satisfied at the higher encounter 
frequencies. 

1. Ahead Seas Runs 

The initial runs were performed with a craft speed of 

20 knots in ahead seas (@= 180°). A wave amplitude of 0.2 
feet was chosen as the excitation and the 20 knot calm water 
thrust of 186.72 lbs. per side was used. Steady-state values 
of heave and pitch were obtained rapidly for encounter fre- 
quencies of 1, 2, and 3 radians per second. However at 


w, = 4 steady-state responses could not be obtained merely 
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by running the model for a greater period of time. As shown 
in Figures 4-A through 4-C, as time progressed the draft 
increased significantly while the pitch oscillations diverged. 
Concurrently the speed had dropped in 60 seconds from an ini- 
tial 20 knots to approximately 15.6 knots thereby reducing 

the frequency of encounter with the wave excitation. More 
important was the fact that the plenum volume and pressure 
were found to have decreased Significantly as shown in Figures 
4-D and 4-E. 

Intuitively the above can be explained as follows. As 
the plenum volume and pressure fell, the craft sank deeper 
into the water, increasing the drag on the sidewalls and reduc- 
ing the speed. The only possible source for the loss of pres- 
sure and volume was believed to be associated with the leakage 
of air through gaps formed between the sidewalls and the 
water surface or the bow seal and water surface. It was 
found that the most forward section of the sidewall, and 
therefore presumably the bow seal also, did rise in and out 
of the water allowing air leakage through the gap formed as 
discussed in Appendix E. 

However it should be noted that the pressure-volume 
relationship inside the plenum is an adiabatic process which 
would have the pressure increase instead of decrease for 
constant air mass with a reduced volume. Therefore for 
pressure and volume to both drop, the mass of the air must 


be decreasing at a rate faster than the volume. Since the 
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Figure 4-A. Heave vs. Time 
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Figure 4-C. Speed vs. Time 
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Figure 4-D. Plenum Pressure vs. Time 
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Figure 4-E, Plenum Volume vs. Time 
V=20 kts, A=0.2 ft, w,=4 
Constant Thrust, ‘3 =180° 
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air flow rate into the plenum will saturate due to the air 
fan map limitations, high leakage rates would cause the mass 
of the air to drop faster than the volume and thereby cause 
the pressure to drop. 

Of interest also is the initial transient portion of 
the responses. As the wave amplitude rises exponentially, 
the responses are almost linear. However as the coupled heave 
and pitch amplitudes increase, gapping begins, resulting in 
the rapid drop in volume and therefore causing the nonlinear 
saturation of the air fans which is reflected in the pressure 
response. 

Clearly the calm water thrust value was not sufficient 
to overcome the increased drag due to the increasing draft. 
Because of this, the model was ran with the constant speed 
option in order to determine the thrust necessary to main- 
tain the 20 knot speed and the encounter frequency of 4 radians 
per second. The result is shown in Figure 5 where the nec- 
essary thrust is a not quite sinusoidal variable with an 
average value of 215 lbs. and lagging the wave excitation by 
approximately 240 degrees. The model was then run with a 
constant thrust value of 215 lbs. per side and steady-state 
responses were obtained as shown in Figure 6. Note that the 
craft still sinks somewhat deeper into the water than for 
calm water conditions and that the plenum pressure and volume 


have reached a steady-state condition. 
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Figure 6~A. Heave vs. Time 
V=20 kts, A=0.2 ft, w,=4 
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Figure 6-B. Pitch vs. Time 
V=20 kts, A=0.2 ft, w,=4 
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Figure 6-C. Speed vs. Time 
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From the initial 20 knot runs a general procedure was 
developed for obtaining steady-state responses. The model was 
initially run with the constant thrust option using the calm 
water thrust for the desired speed. The pitch, heave, and 
roll responses and craft speed were observed. If steady- 
state values were not reached within thirty-five seconds the 
model was rerun with the constant speed option. The average 
value of thrust from this run was then used as the thrust for 
a second constant thrust run. This would normally produce 
steady-state heave and pitch responses for speeds of 20 and 
30 knots. 

Obtaining steady-state responses for a craft speed of 
10 knots required several more iterations of the thrust, how- 
ever. For example, at an encounter frequency of six radians 
per second, the calm water thrust of 200.31 lbs. per side 
drove the craft to a speed of 11.5 knots in 20 seconds and 
resulted in a decreasing draft and converging heave and pitch 
oscillations. A constant speed run produced an averace thrust 
of 194 lbs. per side but when this was applied as the input 
to a constant thrust run, the speed dropped below hump speed. 
A choice midway between the two values (198 lbs.) again pro- 
duced an increasing speed and unsteady oscillations. A final 
thrust value of 196 lbs. produced the desired steady-state 
responses. 

All runs performed at 10 knots were found to be 
extremely sensitive to small changes in thrust. This is due 


to operating the program in a region where the drag versus 
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speed has a minima, allowing small variations in thrust to 
significantly effect the craft speed. This problem was also 
noted by Cagle / Ref. 11 7 in his study of the original 100-B 
digital model. 

2. Abeam Seas Runs 

To obtain the frequency response functions for the 
roll characteristics of the digital model, the program was 
run simulating the craft in abeam seas, i.e., the angle bet- 
ween the normal to the wave crests (in the direction of pro- 
Pagation) and the craft's Ree axis was 90 degrees. The craft 
was run at 20 and 30 knots using the calm water thrust values 
and the constant thrust option. The wave amplitude was 0.2 
feet. 

A typical set of responses obtained while operating 
the program in this manner is shown in Figures 7-A through 
7-E where neither the heave, pitch, nor roll reached steady- 
state. Figure 7-E provided the explanation for the responses. 
As the craft encountered the waves a yaw oscillation was 
induced. As time progressed the average value of the yaw 
became non-zero and the craft gradually turned into the wave, 
changing the wave excitation-craft response relationship. 

To obtain steady-state pitch, roll, and heave conditions, 
it was clear that it was necessary to first have a stable 
yaw response. 

To obtain steady-state yaw a rudder map, l1.e., a set 
of data points that describe the rudder angle as a function 


of time, was added to the model in order to turn the craft 
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Figure 7-D. Speed vs. Time 
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in a direction opposite that which was induced by the wave. 
several iterations of this process were required before steady- 
state responses were reached. It was determined that a small 
rudder angle, typically less than a degree, of constant mag- 
nitude would allow steady-state operation to be reached. For 
the example given in Figure 7, a constant rudder map of -0.2 
degrees as shown in Figure 8-A produced steady-state responses 
as exemplified in Figure 8-B and 8-C. Although the average 
value of the yaw is still not zero, its magnitude is consider- 
ably less than initially when the rudder angle was zero. 
3. Following Seas Runs 

Following seas are encountered when the craft and waves 
travel in the same direction. The procedures described for 
ahead seas were used to determine the desired response char- 


Ameceristics. 
eee) RESULTS 


The responses of primary interest were heave, pitch, and 
roll. Once steady-state conditions had been reached, the 
peak-to-peak and average values were determined and are listed 
in Appendix G. Since heave is a function of vertical wave 
displacement, the ratio of the two was obtained and plotted 
as a function of encounter frequency. Similiarily the ratio 
of pitch amplitude and roll amplitude to their excitation, 


the wave slope, was found and plotted. 
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1. Frequency Response Functions 
ae Ahead Seas 
Program runs Simulating ahead seas conditions 
over a range of encounter frequencies from 1 to 20 radians 
per second were conducted at the following craft speeds and 


wave heights. 


Speed Wave Amplitude 

10 knots | Oeenent 

20 knots Onis ON ae Ol iSing (014 5) ocr 
30 knots Oo 2 Ono nL G 


Given that with a sinusoidal excitation a linear system should 
produce a Sinusoidal response, in general the heave and pitch 
responses were found to be linear for the ahead seas condi- 
tions. Small nonlinearities were noted at Wot in the pitch 
response, two examples of which are shown in Figure 9. The 
only extreme occurrence was at V=20 knots, Wea and A=0.5 ft. 
As shown in Figure 10 both pitch and heave displayed large 
nonlinear response characteristics. 

Figures 11 through 17 present the frequency 
response functions for heave and pitch for the seven combi- 
nations of craft speed and wave heights simulated. The 
predominate characteristic in all of them is the resonant 
peak in the pitch response near Wesths A comparison of the 
responses as a function of waveheight for speeds of 20 and 
30 knots is shown in Figures 18 and 19. The heave response 


is nearly independent of waveheight except for the region 


58 





SoTLTAVSUTTUON UYOITd SBeEg pPeeUy 


eh 


1 
Pree O = ¥ Si Oe — A 


°6§ aansty 


Dy 





yh = °M 43 Gio = ‘say 02 


SOTTTICOUTTUON OABPSY Y YO1TG sees peouy 
SAPO] 


= A 
‘OT eansty 
Yyo4td 





60 





(fa tf ce a a ea a tal ne eee ed ee — cA 1D IS) ee A lr a a a) Cl a 

GODS CEESG 19600 10008 RERLSEPSEUGHNGND GUGEGNGNGN MOVEIGS ERGO GSGEEtenED ORES REENSEeESE BSl30 i) oh Coe SS Se 
LR Sia RSID RSPCA Coes BUSI Ari a SIHDoBolDlses oD 
JD i hin aD DEBS SUSBRACRaS Coan BEEERMI58 080th aso eeeeea | 
Denes — poveey ee ee ee pate bo fd DROBE ID0CI Iw nets es Sees 
ohne te GL Bie Saab PEeSSaaR. BO Ihe Rees farce SUI AIRES =0n6 Sate SL RE Eee ED 








CSS 0 SS SSE 60000 500) a EO ee OS IS SS SS SSS 2SB00 60000 GE 2S SSE SBS 218 69078 08806 010) CS Se" a 
GSISe ft GFR EB 0000 1000 5 Co ee eee OO Ed OS @ BSS Oo 1ST ISS SDSS BS SSS 0 SSSl9 § 9097 10008 1380 We Be BS CSS ewe uasanes 
aceasa = aE a aan aaa OSWBS eSEeqa Gases 2. Sa SS aeeaam 
BoBeoa fole}alahalelea yea] SS WWD SSSR SOLlUE CRBSLOS81) DBAS LRSSS FR SRS 1H. 0000000 li SSeS Raase. Bee 
a Sw ns a Bees Sa) a fea (a aaa aS aa 
Lee Ew BaiwBao Sommmaianainaediians Be R230 GB sae, es fees 
OSB8B8 WS ES SeSaoees B 
SS ow Seeded CLS ael oa Seo oaese owed eecod aecsa Lcu8 o 
(ORCC RGT 60010600 l ae ee a a ey Se DBRS OLDER Cee obese omeee (0000 2 a oa lon] eaten 
eC ee Ce ee eee eee eee 
JE S000 MM0 0 00000 000tl B SESSNs 1_SORRl SOS [SOS L8E LIS 
- CUUOBlEH teN80 tl SSeS a SE LL BMRB LSS ON INL Is bet SER DERE RELIES see 
a 20am (OCTOIN 0 i a  PARBSLLS8 78 2881! DSBS 0 BHOR Eat 100880018) Nl aoe IVS 
— OO CEG 10, a a a SSO SLANE PARRA AA OBO EDESHSE RAs Ce IIAP IAs 
Bandeau al — i ih SM See MCol ded. UCSC oe ea RC a_i aloe 
nite ars SEEIREn gE EEEEEEEREEERE Saeenameen Seema anna on pe 


samen tea rhe TEE pore 0 

TERT dedi ial aed CR Wi ne | es id Ci | 

ETC DCLG RTE CIRCE Re Re Re OS a Pa auEeBenar TnnSeGn CGO nen Ath rth Hon Witt eg See Hea 

OURTI G0 aap Sn BOSRR LON EY RED TAMi MaMAT TINIE 

POT — MBER E ARRRRLLADAae Ay veeeeee H He a Cg tt BSSEa ERE 

RRA ADGL ERROLE Rkl ae aC MBeOc ces Getic Se ia tt 
itt oo ERRERIOCI A IY SOO TEWOGUQNGGUS00U(011 01 OO 

OD RAULAUTL INIT Lt a ee HL ay AA BACH tat oe 

LMT tae 


ATT 
a RY A Ni on 








Meee eT Aa EATEN DD) cil DNB OB OR QUOVERID TELECON 
Se 


a aaa 

OSCSE SY. €806 6 ca) amp Gwe BE SSS mE 2 SRS BS] Se Beebe rtses Pewee 

CSS One wes 01) oo —-= So we Se Ew aa ee EG © eee a Oe £3 SSE 

BGGae 46° OU 16, 6 BD Gan ee ee ee, ee) Be eres ET SIE LESS 21 Seep 

O@@ OS OClOO 6G 11D 60) EE ee. ee EE BS Se Sows Ss saae bas fr Sac. 
[coma sean) ae ae) 


Boo esa00 
faeces p a 4 ae Bb Se SS Va SS 6D EB 2 SSS p——' | ' 
= ewe 22 0000 a i 


roy 
4@6, 
| 
+ 














435, J98803 ¢ge000003) mew en _ ati ae anew eS anes a oom Sa amos Cease secrl meses |. Saas s Snes terse ccrs0o = ene ae a os ae 
aCe ie ee ee eS SSS SSSs (SSG enG SSS 5 eso eee Se ee i a 
ee divas G87 48 6 0000s ee a Sees BOS eeees Ht tad td (| ee | Fy BERR IACI L.-J 7 ee ee ee een eae 
DSS ee ana 1s Se 0Ge NUE ANmSGUUAOGEED GEE GUGEEGEEGES On =a wamee roe nn ia vans tn BE THe IREaH Genea sense CET EE RT EE ee a Oe eee 
a SRLS PEPIN BeBe FT Vain z= he ee eae ee 
DE SSD OSO88 10000 1) ae ECS ew Se CEES (Gs GUN BTID Fh DA ead ICICI E01 1010) a re ee 
Be MS BS24 2 FU EIS BEC. RE SET OF GAN PSSaR CIP 70 0 ee ee ee ee Pe eer Ts eee 
E | he eae a FE BSR ele SBBOSD Li Sé COURIER III ee ee BB 
NTL Rew BESSG LILI ID RBBSS PCR MII iit hw nth baw 
6 Mi Rm aeRO sath bl lI SSSEESaA te ase BREA 101 0 ee Bea 
Ti a aa Seas TREE IEE BOM Mi haha Ba 
mt tip enn a tf GOTTREILN ENN ED SBS, RES hE OTT a i | 
geass sssssieese i ee Fass. 338 ta Feces tases oe an oe 
4+ Coos LL ea ae ee Ppa} | eee eenen oa samecamelauee lost pe et 
IB BER dae DE RS BS @ SGP EE G1 BS! |) BS BASLE RE) Delia 
JO080 J8BURDIGGI 10) Ra ie ee EE I WS LS BH SS Mis TE SOAs DMM PASSE OE! PUCRRLI ime = nih 
TE BOUEELS 110 1) a GT OO DDE PRARAL LAO BRS TERE ALDINE ILlhhh = wl. SS ees ee 
aad, haga a ta pf ay f pe a Le Sra fff oneea | = 4 pa ae 4 — ] 
TODD Sir eS Et lee Mee PE SEE BED AREA I BAS SBE EEE) ONSEN ne nee ew 
TUCO OR I aE EO On ee PSS OE PETS LORI TRA DID Rh Pw MEL wee 
JOO tiaa8d it) i Dh ER PPE s SES Ihe DBE RA AAs Awe wae Vee 
SOOO CRSECIR 3 1s) ee a oe eS Peel POPs es PPAR Ahi oP soba sees 
HERS S318 102.0 le) a a ee PSS MARAT VTA AASTIII RAMS Cees Nn ewe 
LL a A a A a i ll iD TA TG 0 SA 
SP SCO C HC UNCUT RUS! AN SS ae SO lS 6 RG GL BW LH GS DOO DHL BOGGS VEOGTENN 160 44 Cn Gs mn On DS 
Shinde CLT LTT LLL LEP) ct DLT aaa Tipe ee | OL i 
ii | itt TIT tt Li Th lutniLU LL oll ihciitiiae | tor LLL leer 
TDA UE Oe a APE RAR STAAL RRS CM EE es ese eee 
TTT eR Pehl pap tb tind Tite. ABEL JES es 
OOTP Py aT HART (| 
POONA ARG C0000 1000 AD REN NDT TDR R ON DEH I HI ‘See LT 
POTTETE P| ET EEE TE TE Em ET 
PIMA TL | 
sl eZ Ly 6 ol MN AKG) 20 


Figure ll. V=10 kts, A=0.2 ft, 
Ahead Seas 
Heave Frequency Response 


t=) 
i 


Pitch Frequency Response 


© 
| 


61 





Sth ah a tt a . al OO ANC es ee ec 
ri eo trai tt ossos s Ss s SENS oH ost! Se CRERE HONE HeeSt LH toes Str j 
Fe RAT LEE S FAE Tf aaa ey Qa a a a ae i Rl) Ree ABRAM hme OS ee Sle 
Ton we ere pet tn = GROEERCOLNE MOOS ARERR eeeERe te ep Soeoesessnne 


Mickel a a oH a ETE nen oles aH ae BORG) DARDO DIN eo in eS i oese 
Stet it oot oo te CO leah TT of] pment ppt 
EA fee] ted eT fe PEE ee SH HEEBa 
IEEE Hoot oT aOR LTT 
EU 0 A 
TL RTE COO A TTY oe eee eae 
LAC Oo CoCo ee apne FCAT Cte it ne HIN St 
CE TLE TT Sanu ILL MIAO HG arent 
TTT te A Coe 


Lith oP AE 


SES BE PO SSO Le ISS SSF ee SSS ee eee ee Gee eee ee 

aooue lett Ceti EE Gee es ES = i\@aaeen & Ce CEE DD Gi) Gi ee Sais ee) Cee 
UBS SEEEu2se aS en Ge BE ie EE ee a aS SS SS oS ST Pee 2 Sse “a2 Se. (SSE € OS PER OB BES 696. SS eee 6 Oe SES EAS Ss 
1 SS ee eee pi od tt fe. | —+ +t + — hg 2 a ay © elimi = a Se eee B22 SA 2888: es ee oe eee ee ee ee ee es Es 
2 == es cancels eee Co Ve EG Ge Oe Be ee SS SSS 11S ae Be. |" } SEEEe S25 Et SPS 6600) SS Sa ee ee ee ee a Se ee ee ea ee 

Sea eeu828: an saass mE EE GEE PS. ee ee SS SSIES BESS EL es 10 Sie ee oe SSS SRE AGE S18 ee ee ee ee ee ee ee 
Secs samme ses i a OS eS oS oonag OG OS8 6G." JS DSSS LO GES 3 OGEUl 04853 000 meee a) a SS Ses | 
SCBSOe Chpes ree HY = Se" EE eS SS SSeS bee ase SEDO CH DSe8 SESS) DERE) O00 aan ee ee ES I es eS SS 
Bega. mae eo mea aor A a A eS a ee OS 2 Be eS DOOD MSH SRE 9) VSS OST8) DES0) 001 a a ee Be Se SS Sas SS Sa Saeae 
SREeas OH iaas o's sl patie ey Soo a at i 2 EE wee ee 2 SES) es) a ee GE 8 a 
Seawes 6 4a 19 “ae ° _ an ee) Ge Gee ee ES) a Ge) BSHeew ff OD 00 5705 ses Fi eS Sal es | 
2S E5208 08830 REne Ss | I os teeter cS Bae oe SSGeo D2Sc0 oeiaeioe Dm & I@h Ch eeed B Mit ae a SS a Sa 

= 


— a — Li Somes a ee ee eed ee wee oS aaa ap 2508! DBPSS5 SF SH8 Fi sel. ae 

os 000) Gi Ge ID Se 2 SSeS See fs0l ae Se ee i 

meee e Soles 65005 50600 Sonn =nn aE EE oe Gee eres oe ptt | aes ue 20S BeBe Br 25egRe 229 It aS BS ee 

OCOD DSDS0 BRE Of 1000) a ee ee oes @ BSEER OSSGRD T2250 MVD BE BES FE.ieao eQred oa =i ee a 

OOGSD 1ELD 1 iD ee ee ee ee Se SSoSeeo Seer ria LOIS) DBS SLI 8et So Id 0) BED 00 ee ee ee BCAA 

OB ODOCORED Pabbl lh ee 2 a SSSss 2 eees py ed Se BELG. DIS a LCS Ie Soe Se wa 
. Le (eal) pa ae WES: (DI eee ee ee 


OGG8@46 BBM SSaeq2B2eap aousncens Sawen aoe RIQlUI hh Ee eS ee Raa Sa 
SeBE0 -4 anaes te oS ee) SaaS SeBEC OG8aa anda acacas MBN aR 0 RERRE 68.88 GE CO8 Os a a A CS RN TE Gl ' 








(200 TOLf0 0608 6. e: aaa a a a ee PeOe ened ee ORO BBs Bee e810 eS oo Poe oe eee 
1@mea CoH 19801 18S ae a Te eee el RRR SNES DeBus IEMs ee. ee eee eee 
IL ONG ONE OS a a a A Te a De ea a eA OBE Rt 
(FEL ONSHORE MR OSES In) SIS et ws Loess 
IW re oe ee ee Hat GERERCG I RRR MM _San aoe es aa 





— Ho pa 0) 010A ej {| f | BES BORE F500 1) BRR nina [ome | 

fe MBE BERRA AR Ha50 Heo B00 DORE Bn SSIs nee 
many ntnel E au aaa nha = BE aPaue WE VON O00 APS a ee Hike 
=Eenn path ieeas a oo BEeSeeocsese Pi ee fee = 2 Ses oRe07 Hea toot HH = Se EEE EE a) (ms Gea) Ca 
OB BSG SEaeee Lt a a a a a ee Se es Sa Eaen 2 VBS SECU SEER BOL O86 9008 60). _ ee Ee ee eh 


OB SSE SHEHG Perth mb i i, BE ee) ed ee SS PESSS 8ee8) ClO BSS OS Sl8 O00 11 10008 0000, Se Ee Ree Saw : 
NB@SSE beeeGs nanan O80 0 Rare ee a ee EY ee See IS Oe Eee Oe PE SSS ACW 1 ERs 0ee i) ) SE DS es Se eee 
HEH nenuan it cosas EE EE ee ee I a SS ae Ee SAB SHRL ATC SOS a a 2 ee Re ey See | Pee 

aaa8 ee ee a I SI daly TRCN OOM a a me i sO 
eee ee Soe Ce Ss Se Ce See I Sne oes oe oe eee ae a] | 
CO Le a el a ae AL LS. a Se RB BE Ay Ee ek oe lee 
ee SESE HESS NAR 9 E08 Eh Le SS 
oo eeerahe | oe WEES EE DED i 
a0 100800 00000 2000 on ae oO =o Seaeee LOG eo oe SBM Eo; and Gonea eo Coe ed 

GRRE CHRGE daead dane = os ie os Be SBBSa set Ce Geeodecaes BBL GESLS CAEL OOO00G 00 000 eS ean Same nom ! 
JO000 00000 10001 1th D2 We SBS SRST OCLEA GELS 10 BRB ASRS PACs Ih Ait ISSR S2saan 
JODO CESS IN Se SSS BREN ROA Poles ORR SERGE LOTIII Noh Ee aS RHOaeAass 
‘JOCOUOCOD (0000) eS ee SS BR ELSSAE CUES 110M SRR BOSSI PTB DIIN Ms SRI Se ees fe 

CO Th Sr se Ol REE EMMI nih aes eee 

— CD INV DE COERCED a RRS ld LEARN Rll DBS RRR RA ARR AD ORL ll ee a eee eee 

TIRE AL LL a a ae A A A A Ll RR BRR Ae, i a eee eee 
SEE CSAS NL a A a Ha AE Aa A A min ne HaehH —— ——— am ne WH: lis Sain eaPss alae 


a Pp PT SRGGR0T08 BG ROBE DOBED \0001 Se Ree We es ee = * 
cree TT OU H00 EEEAGCOGI RM REE OUUOT TONGUCONEEA| Ho A 
CEE COO RCo eg asene 


HHH CCC EERE 

SOLA AAAOLLEE (oo OA A Th 
PUD OO UROURNOGG T1101 a CE 
tie wT ETT hc ae | 
TTT TMNT YT AA 
OUST LEUEL 10 BS YE TTD RHEE CA Le i 


1 a ly 6 8 LO fale 


Ne 








Peenre 1225 V=20 kus. n=O.) ie. 
Ahead Seas 


Heave Frequency Response 


® 
Hoi 


Pitch Frequency Response 


62 





cia ice Aer in 


I ae SSeee -NaGe = Ga pseu ee es oe os os is on oe ssc Gun Secu Rance ame SS25c @EekRSSs000 oH soene a ee ee eee 
BS Ome C138 AH Ml a ee ee es BOSS Be 88 688 LEDS SSL] £0 BSS Gt eee eee ao 


Ga 
OG Gases 
BSaa — Gaeoo nm 1h i aE @Oeo SAGOR SEBS IO’ NOBHSS BSOOOCOGH BPG) 08000 20090 ee oD 


4 ncaa 0008 tome! 1) Dil Ln”) Ei Siz BRDRen a BEBEDIE YL. LOBOS SST EDDA IIIDIMNN eT SSGe5 
BUOHH AMARA FHARE Beds pt BEEN RSRRRI AITI0Io. NBN DERE EBERT SS loID Se Seaero 


G 
i HH SHSe8 8881 Tt 10ti ie [me ee mle | ac da ||) AFe 0007 (OD BEE BEERS EID DMM MSaewao esa 


EDTOCOCOE A0000 10000 Tt) ee ee OC PRESS BERBERA IdM Ae Cease 
| HooonSees a Saewee 





CO Cie @ POMS SCS OTN SHO LONT!.0) hi Ve BOER EE FO NOH ROREL OL 000 ONIN) Cee ee me ee Ree 
aa P10 ah es al OSS RRR TO EEL hae Re ODOR OLN nes 
a RE oy Cc DUBE GEOO0 1000 SO a nee ne 
CODER EOE O08 BLJia BNL O0l DB2e8 Be TOOL AHO H0 BOOB) pa Row 
OAR GGG RAG Ae) i gee a7 dl \ a0 SR ROGEII ae | 
Te eee ee meni MEM SEN s S86 
LIT os ee — 


(DM Mie BRE GER AS Gea Lee, Roa — ——-- — : 
eee TEE te He 


See cuimne i] me ae BRRNGD OSS? AU Rm) SE Smo 73 Benes . 
COT MAT ARER ATLL 
TAA TTT 








SSS Se ms mi oS am samt oeg art saane a — * ae asuennannnn wae mane rn —— Re) oomtSeee tale intereeie 
ooo oOB@easo aoooue esne ee SS — —— oS om =~ Ie wen we Giiea Gai CHEE ES a 
‘=Deo8 2ea5B 4 HH BCE $005) a= een eee 2 eee ee = c | mane i= = aquessesee tt @S Oise Bees ose EEEET fren — hate —— 
Bo 22 2BS8 Bs 6 SSB6 a 20 Ge 0655) Geer Re ee wars Ai} —— “el Bor OS sw O11 SS 2 SSS SS oS aes — tH tr SEs 
DO 2 See 2 88826 2s ee beet ae ee ee ee ee ee ee SS SS SSE EES. aS einiliahniaenesma i a ee 
Bos 8 Ss = seses8 neers pp et pei a ee ep 253 SSS 25 So mews ea = BBS 2S 828 SH2i95 suase onaeerenm a 
BDO CWO SS@8 5 &8eaa88a8 Hw EB BS oe ee ES Be Ee eS ae SS SSS SGSSSR5SS85 Pee OBS. “S869 20 203 88005 26000 = aaa CSE SSeS GES SS 
BOSS E08 8 £SSS8858 SB 4 HH en ESS ES i EE EE EE Re SS 2 SSSR FSO DRS wD SE Of OC 0 BOSS SHRR0 6° S05 00908 a 2 Oe ee GE ee eS ee ED 
Ee ©8280 O88. e882 © nae 09655 (Sa ES? 7 EE SS Sh a eB ea aS See pd he —— BW S68 8 PSBen SSS rr er re | Se 
Se Sean oe eee afi A Late ie ene neaee Se GEER ualitiemagensemepaentame auraemam ae eatemenaaaneel o> caaeuion Gstuamorae Se ee ‘@ 8 SEen Sees Sn ee ee ee SS) SS eae 
Bens Ses Oa a a) Ge ee es se) om em Sa RiaEEnIAGaEnESe EE EPEET eeaae SPeEm 
Bo s60eeR on annnees Ct i ao <a ao So cse Oe PAT oO PaCS OO ae oo 
ee a 
‘SQE5 GlSEE BeeEs es a eh a ee ee ee ee 
=e @Beees tee —— RES 2S Se PFS SPSanes saws ee US BSE) SIG80 G29 OD) Bee Bese Ee SS Pee 
ne Gomes eens canes sare: asa qn GEES we Sees eo oesn eee BH BOS) 13 SSO MONEE DONO ee SS 
Go ) JCSSeCRGGoE0s 0S 0N0L! cao Sa i oom com comm oontomen Ss Ga St oc Gi (lb on Gn Glo en coco a coal © Soe Gn a @ GGG) D®0G8E CL O0IDIRNIDD a aS aS 
(Bl0 COSGU 000 00 B08 0188) Rl ee EE A Ss "3 Sek BR8Gh isthe eeEaD —--- @euarss coos ao ne a i er | es J | fue ra 
OOO OOS SS RSS) 70980 1) ee ee eS SROs CeOls tees pf LAY UT Tl Oe y- pen pee 
= DOOOCOOS! G0890 4199) 1000 Ga 2 eG Oe Se SARs 2 oes Baste samt {ERS BHO 1H ae ae GS a 
O10 OOG837B 105405 000 a et © WO SSS CE PSs FES SRST SSSH) 1SDSe Os ino {a00 Sata Soe a SS Ea ce OED ea 
DUD GEDSS jBeab Gaes0 coo (il Be Ee eS mG cals aoe e BBBER SES Zaeeoa eee Tee Vii Soe SaaS BasS 
DOO CDO00 DES 80 0000 1 I a DS SPSS PSSSS lSS28IR_ BESS Sh0 7 ODD NUIT Coen Sew or: 
E30 D800 oa8n8 tea — NS BH BSH SSS PES0S07 18501 GSESH SSBRu kom] 08880 1h 001000] Ee BL Dew Releese 
a eases 8) <a 


PPE eTrerinie i 


—_ 


OGD Saes8 ep tel ed jt pct BEM mat hy mt ef +6 a + —— = 


OR S008 = Ban 
Bi) (GGan manatee Mill C= Sse TSS Se FRE) LRRee lie ea ss ae GH VOR HO000 COOL ee es ee ee 
Bee eaauy, A 288 inal ie a al SGD 2aS0REL5 EOOEOOREE! Suaes SRGRS enae ORREE EESES tN aE ee rose De 


Sw aes ae of zz yt 
“ome eo Po vas tat ee a geese pet SS == secs ome Coo Benno os a oe = 
Boe 2 eeeuaeR Beeesesess a Se meee sae Oe sD Deh) a mee Saas Ge aaeess SSeS CMs Ol a Sn Gene Snes ane Gas Susaenrens soon [ora 
BOO SSeea 8 BBBRD "ees 0000) = 2 7 i et a So eee SEeuaa mk DweLD af2ean yah - noaee saaer S00. A et a a ey ee ee 
bt a Siam RC Te RD Sa rt tle SRS w ae SE oe ay a ae a) 








ee Gok 
ep nat Nm ay a Bo SGSSeG0de Sees lcauten L) cet Cae Sees aa a feat laa H 


Fa raaee OCGS0 Rtn = ee ee Sse ae e woaasenars ————— BSSUR L380 \'0001000000NS Re DAD eae 
OODCOSES SEGRG 09800 0900) ee ee ee Beier ier BBESERESLI BCS £38 OSE DOSED ULI a ee a SS aa eee 
DROCOO00 G0800 1000 DN Se oe DD PSS OS RSd GS RsIRAl DO OBS SSRSA RAIA l ORI iS I AIS aaa oIeao 


B ccna] re aa 
ODG COUR0 G0080 G68 1 1000) ae ee EO © EN PSAs 8 s0 2s DRESS SPSS ISAT 111M I i hE el SSSR See 
NICO DOOUE 1888000011110 a SSS PON DEES AeA IIl1 DASE LERALALDDILnlnli ith bDwmDp + = 
LIS EC S00 00000 DNT0E 100) a ee att Hee Obaal enon Ht cea ete OHEREER a ee 





OCU CGORN BORNEO C1000 Soe a sa LTO VOGAL GUOUWOO GO GOOEGL C000 (001) func Co So om GOES: 
eee MG BG FG ORO ECRIE! eee BOR BE AR EO DEN” e0 el a ea 
nnn ee eee Sed eapentenn beens pease ae eS ee 

GRU AEOUATONIOIIGBN Ee ERAS AMAT BORA TRA ae LION Oe 


| ee 
eee TTT ft TT Sem MEMTOTA DGGE OCO MTA A 
TT SEE DERE ECE a a A A AR LAE BS ARERR ERA RE LMC a a 
Oak LL a TEC Ne Tae IE op 
ae a eee ae im, 


s nnn SM RERE A UANOUAGN OM ARNO DOUG NNOETOTONE {0081 A OM WO OY A 
MDD GAL RRR ANON FO a A ARRAN AD GO SND RNS |) SS a A TON BOE 
STU TT) AT HHH 


PTT PAT 
| THC ee 


iL Z 4 6 8 10 20 











Pigure lg” v= 20m iers Ome ata 
Ahead Seas, 
Heave Frequency Response 


OQ 
hoo 


Pitch Frequency Response 


63 





DEER COESEDADII NN eE e D SPR BSREDDS COfCIPII0 DSBS POOLS Pebso ———- MMi DESI SPBlVas Boles 


DOAOGCSIh MMi Din lea eee GeSeaa BEGSIICLOIR SSR EBL_IE DOGSS sI000 Hoo 
EGLO rail zoos BERS ISCCOLISS CBSE ISR IS Mc sEr ina LU a occa sae 
be@e.a ety CN EE CSE Be COO ed de CORE es ee Go sae 
= sssese ee Se to SO Sasme rts oS nn ae ret eee ca aa 

5S SELCSCRC805 07 110ets a  e Same e SS See §Se08E05el Sas sso esses Co Se 
BB OT TSE URES 5 MEE! OF) Se oe er ee SO ORE on eo Gi! Sn SS a Oe ES a a 
CRG BESe B Ca Cera Fe Be fea en Some ey Ga eS a Oe Sd eS NE ee a 

SO SS8 0 58800 00500 6200) a a eS Se Se SSSSS 0 aees cose oO = Sas BSW DPE 0ED06E CG a eS eee aa 

USSG © (AGES 10009 626s OE ee AE ND SS SA SS © BOs SS 00S SS RE SS 8 BOE FRAKES a Se eae en 


+ ---4 
‘DESH POGGS IDE sa bunns 10000 Se oe loses nena ioscoeed ‘anes 
OOCOGSHG 1B800 60615 00) Re ee OS ee SS OS GSS 
seoceee QGHGg Faaoe (ea00 SG S BASE SSSSSE- Sie ssa her Ore. ie Seo eaLEe AO) 
eT ee GLO NCI NINES ws mimeo co 


ogees Ls Ia See GQ088Ra 
Ba to DEEEG Love i a a Ne OE Cd He) ASP GeeeN ; ie ameea GOG80 18Rid (i118 Rae Dee Beeo A ees 
ee | at ett ee ee eee COG Eh aS aaa ee Te 


ETGRK VE TET, TLE A a ca a A ae aor EE ae 
NOE ee eee Cane Sunes teee reef nrefornt hid a a oe 

DO TOCE NONLS M00, eae am fn Os dd OE RGD SOU [ht Sse oem sOese cs 

SUECGI Hest UH ne oe to eee et ae SHStuiten tHE PacegacL aHUUIEE HOCH oo et 


SAU CQUALISATINUG SECC rrr eee EEE, EEE 
CTT PTT sal | stb 
TTT TE CT TTT OMe 
See lemme Melee ATUL ATONE PE 














@Qepwter~' Te £8 ~ €8E082 £68 28 SPSS FP ISS Ge 16 ee 2S SSI SESS aes a 

















ee SS Io. Kaeo of DOCG Re He aS Owe oma se aaa se B 0 
 SSSeo 2 S0S peace a oe ae Bt ee Ge ee Ses. aermnS OT Jase senee tt OC oa Sa BOGeR gecean nesoe saoe O i TD Mees on ES I ES Co ee 
SE SSS SCORES 00055 OS 906 EE EP eens Ee ae 20S oes SOS gy 0 See GES CO “na OC @e 8 OS see 0558 8S SEE a ee Ee SS Ss oS Sa 
Som eeoas Sesrs recesses.) sem a) ae 7 ws CPST E 10 800 1) ee ee 2 eee 2S SS See 
(2598 £2588 CU S80 69605 00608 wa ee SS OS OES ®ISSSSCeOs Sema 3. SEs Bis 6S OG 000 008 (ees) ee es a Ses SS 
pee seas Ssoc. teams coess ame ee SS RSG0C Beeb C OBS 1 8 FO 6S] SEE CES80 00008 SS Sr SF ss SSS 1 SS SSaae 
== Le of OS Oil = sapee casas ae Se ah Be Gf 5) 8 0593 OSS SS FeeaS) certs Sess. oC ace > BS OSS 01000 6600) SE Caw ES ee SES ee 
= oenes OEE =z a ee ee © OSS SES CS OSs See SSS ceaan O06 1) er ES SDReaE 
geerees: we 2a Sr cE? wie ne eat wo ee Se RE 2 CS ae BIT SOIE AAS SE be BE sae secoe Saja 
BOa5Co 30S 6e800 635 oi ef ee BS SS noses © ess SS SS BESE 2103635 Does! Dace fel mmece ee ee eee onan 

SS Seg a d0sco8d i. | Sa are Hawa Seems OSl ae <a | esa 


iF 4 @Beees i ONG E0959 0, NS EE NSS SO ee Sees sees 
SHS S 6008008 S555 05 nt ee pecs a el pm 
CS. (lS Ban ap 


te 
a 

Let 

te 

















iia Gane. CEnr + 0nee0 s5568 Suen SNG=SEEEEED GEGEN EDGN = GnGGSGs Ear See Comes EL BSE OSHS FGe00 180) '6 1G Bee 202GS Ql so 
COS BOONOCL 0 1G 00000 ee ee ee es. 2 ee PSS 8 ECE RS 0S IARI lI (0000 a ee ee Oe 
1 COCES: J. 3b CURDS) 10100 ES Be I SE 2 Bee eS SS BSE BE Gee BSS L068 eS HG) Ee rae ae Ae 
CCUG D008 10 10! CSE ee SS EE RR) MS Oe SEAS IGS OE TSE BEES CHLUAIESIIIINM iki mmm hm Mme bw BD a 
DCD GERI E tO Ee Ee ee ees CSG IEC) BOLUS ESF 18 FEL 28 EMA NSC an CeO ace 
JODO COO0E 1 O008 00000 N01) a I BD SiS ASLO IES OBCOISA OD BOLI Cee 
OG COPD PIM 0 1S 1011) a ee ee ET DS STD CSSA ETE! BMS SS Bi FB OSGG I1SER IN a ae 
eee QWGU0 WOOD) ES DS Sw SM S2HSR ISCAS LILO OA BONO BEL hte eh ee Ee 
oO OTR TAG Gg 1000 ae a) a A ee ei EE Be LAEs ie). Cee Re Re SSSbeTTe 
eT ee ee eee eee eee 
116 B06 (ie! a a eS OSE BLT ede! CRB BBL! CRIN | RRS aeeo 
HMOs OP CLOG Ge) ee BE EE BS SSCA ITM OBSSR ARO PE EO! ah i |! 
Ee eee pi Bes Seeue caves SP Sas ae nt Se BSI BSS SS ls Se sel) SHO HESSS SSRI) a ae ees eee oe 
MO SOA OW CO0G@ C002 Ry ae Oa a a SE GD SST 6S ST. SO 8 OS DAL ClSE SHS SD OSG F898 O 0 USS OF PS M68 jG a ee ee Be Se eee eee 
TOM SP oa Soe a i ee ee eee ee Ee BS Pe es SSeS SSE BS ee CS SOR Ca 1e8 CT oO ~ eee ee ee ee ees 
i JO CEU CE0O980 00036 0s) aaa a a ee BE ES a DISS PE £1 S) PSS SSIS ®) Ssh PlRS8 SoH 10000) Ca ee ee es a ee ee) 
Se JOU S20 POR 6Cl8@ F002) GERM De OE OMG EE GE OSE @ LV 8 OE 30 CSCO A SSS LSS BOOCT U8 G00 OCC 1 Ee Ee Ee ae ee 
Ss COOOG OCU00 Cllll SE Een Ee Es) SS Sa Sl he 6 BE FOE L_ 80 SSS SOSSS Lo Loo 1 SSS 05008 1241) 1 Sn REE EE ales Sees ak 
COO COGS fOS80 C0000 1M)! BGR Bet 6 DE ED BGS DB BSS SS 25 Se 6 88 SSCS SHSSSS SWSlEX BE UIE i MS th 8) 101) DB Beet OSS ES ER £7 te Bees 
DO OCASt F630 0 CIB 0000 1 a a On Be BEE SD PSS SE SOIES ESRAAITCH OD RSSS SASSER 80) 2s (06M MiMi Rowe Ree Es VeRO Ceo 
CICS CGSS ICC) (00S) a es Bs EE 2 EE BS BSS CIRC PE OCSSs FOC O BOSS SS FA LOO OE IBC 088 UM REN eS oe 
CPTHT0 0985000000 001i) Ge EE 6 OE BE BS BEA Oe BOT C900 CHS ClOee ID UTES I EE BRE Rum RE eee law 
OL OOGES DUNES 00000 IHU) a a a Ee Ee BSS £303 8 DRSO8 88082 IBSS DA6 FES ISBN EE Sn Ee ee elle 
OOOCUSSE 00088 (ND 18) CR mi DE DDD BSA DL Bs ISSLsi0 FD OBST GHAR LES! | 1 BO8s Mtl 1 1 TNA CROEE1 lm ww beaeaw 
COBES 10000 64020 00000 a ee ON BEE IM BOSS GOOCH FOOLS 88800 LIMES OOORR IEC I. 10080 00000 a EO. eee eae 
DOT OB BS) (0800 C10) GE A BS HWA BAD ALCIOR FOLIA CORAL BPTI DIUAN INNA Se See w@arpEe 
te ie a a a BS SER RT 1D sR Ce PODS RM EER EY. 8090 UES a ee ee PS ee 
FH tb tt tp Et 
me he fre ET CURRRICRL BR BER ACHE D OR Oe i eee) Oe 
ppt pete fam et ef op np ep pote pee fh bP OP fF 
CCM eGR SG? TERED OC LAE Ss a Ge A PG SD ASCOT EAT SE CSR SOT TTT PON EL TT ANAEs SR Te el ee ae 
Ls Udbecidudee UT hd i i BRR RR EAE Gah ld BRM ER ROR but iL. NN ae Rees we 
_. STIS 0 re ee BE. CEASE LCE RI ORE BR TET OL ela eee ele 
SEE A PLC CW ORES ARENA) eS Nt ee ee eee AB OBE ID 
ODAC NOUN 00008 Le a ae a SO a A A LS NLS OT NN ORAL i ee 
SOO BEG 0008 1220) a a ST ANNAN MSR LOCO ARAL TL Oe ee ees 
SUT es le Colette Tee Ee eS TA TN 
Pee TT Hn A RRRRTRRRRTOMAITiTIT GRE CA | 
RTE RADLGAUG LUG L110) ae A a A NAD AA A TG NSE UL A 
{ { j { { j | i ! ey i; ] | | ! I 
+ i 4 aunt eben bi a OBRON Lest | e a } AVE, | peateerd 
\ | {| Lf 





C 
th 
= 
ON 
OO 
r 
O 
Nh 
© 


Pagure 24. V=20 Kis; A=0n3 £1, 
Ahead Seas 
Heave Frequency Response 


OO 
ou 


Pitch Frequency Response 


64 





! BRB RSESRES SEHRR EEN SES HESS S aa bRt BEkaD dasae 


a 
ut 
a 
> 
= 
a 
= 
= 
= 
mre, 
¥ 
FELT 
: 
2 


(=i) 

o 

a 

[am 

= 

=] 

= 

ta 

= 

S 

i] 

os 

5 : 

+4 D 

a 

~ 

= 

sii 
Eu FETE 
a am = L +4 

=e 

ce 

S22 

cs 


} Lele 


HAY (ALM 
HEL mnt SOE AAT 
PET ANT 








[Pej es. i ! 





A TROP AERA nal 
Te LN 


ae Sea & ee. SE RO 
BESeC UG ON8 SCOSd 120) eT 
oP OE Se 0 ee ee Pe Re Sie Pe ee eee See ee a SS SS ee oe eee 
Bue bbeSe ba sr< esren ~~ « 
> ema". 
= a oi ‘Ses Se a ee Fey 


be 
FE 


HH 
if 
Hb 
i 
i 
Lt 

ee 

& 

t 

es 

| ie 

te 

i 
ec i 

itt 

Hi 

it 

i 

| 








r 
: 
5 
iE 
ni 
ti 
: 
8 
id 


iL 
| 
Ki 
| 
[| 
6 
A 
2 
a 
} 
i 
a 
an 
Ff 
Ht 
| 
| 
a 
| 5 


I 
a 
B 
Oo 
z 
+ 
7 
| 
Hy 
= 
E 


| 
= 
pe cr aene 
soa eaiiiill 
aoc : MH 4 
ac ree a 
EERE 
a 
5 
5 


gee ger. 


FLEE 
PATH 

eae ieeesese 
L 


| 
oS EE EEE TH TTR 


Sa 

a 

g 
: 


Huesé bbe ae 
* OUT ttn “ait 


= 
= 
: 
= 
i= = 
a 
: i 
ia 
: 





et 


Oa 





| 


thw 
= 
© 


Piocure 15. ~ V=20 Kis» A=055 24, 
Ahead Seas 
Heave Frequency Response 


lI 


Pitch Frequency Response 


65 


i 
lt 
a 


tO 
Of 


BES=2= 525 
=ee 
3 








E em a Tia) lees folate Tel Loi (HSS SaSeE Tass 
ua sci GROUT Cae Eee BABRRATABET ARRETONRD) Coie Ee a HITT (mast mae 
BERGER COOMR OO M08 ORC IG SES BE ALTREC MOE RIC RC STE Seen eee 08 Sees ileal | 
a [ome =) S Bs ez 2 2SUCIe jp aaens _ ns a OE SS MY 


En mmm LS law 
| oma Swaae enees bene 110]0 Gaon ot Oo oe Soo onesmel ae Sec uapan eee 10m 6509 em cos mG oO 
SSSSSCCu CGNs INES Coe es eo om Deeed eae8Els el cow Se SSS soe S20 Nee 3008 Nee = ——— oe 
SOSCSSEOMC ING OO0NN 1100) C2 Cl LA ee A Leo oeREEL fal etiee iE tate 
“IPB O 8 COS R RI OB8e MO Ro SS I Bee 8 See CN eneael BBE A Cee 8 BeeCS Meeee te —— SS OMe eeseeue 
pam Ce ee le ee eee er ae | 
1 UD OOS 0000 00 ae ee Se BE Ce 8 Red Ce 0 en Co eee 
AL SR DD MOD ORO Dll oe ae eo ok ae nec — oe GRRE DISC ee ea cacce 
PSE ROBB OG RANTS RSC 00) ee A IS BAe ERE CERES ETE MCT ISL 2328 


|] CU aa oases aa by pone r| = SOBSSECSESISECT I on ——-- ome ome pore em eel fee ae || 
S EET peti BUnbs CASE DRIES EESEEEESENEENEEREEREEREEN oneeene Seal IEEE SUUEE Rene po ame [dl a 
mf rt bereft ppp Co SUle GUECECWNEL Col mB Coed ister ae FoR 
Pt EE Re ee RRC Cee ACCOMM EC OLl oes Ho rot rch oat afar eet | Solan 
ee tH iui iat ‘Ka ean NRE BEELEOEE BLL a mld stg TT ale Pole ULL Ii oso sae Haan 
| | 
| | ‘ 


| La Re] | fee a 

ee i | | 

AH 1010 a OTT a 
TT EN eee eT 

HFCL Se RN PORNO ROE KALA U1ELt SOnHHRGe 

HER EQDEUOOAGACO NUANCE aS STM ERRAO RCA art 

Dee ee ee gee eee RL NL RS EL 


eb a ee > @n‘o’ Geoere seq = ap 2 SSS 68 SS a 
es te oo pe” tae sooo ifs —- —~ oo aus Saans heawe 20508 ————— a SoS 
a OG SS 9 AS ROS 8 Se ea Ee ee Oe PS es ee a ee Oe hp —— FJ (SS 2S SS PISS STS8SG Ch lee SS SSS SS SS SS Gt Ew ee ee 
a ae vera Ne feel ee ae eg a ee eed fd AB LOD PPOPAC See 1508S Ce So Sos ese Ss 

SS=== Se eh ee SE ae ell penn ge pt =e. gee el cence phe ep a 2 Se A ee 
fees SoRea OD be Qe SO CS a as Ge Be ee SS 
o==—= SBe8anu Sauce seccesse Dn a en ED oS ae Cee ee Se eee aa se 05000 Gan Sas Goel aerate Geet ae ee as ee 
OF 1S DOSS GBS OGGG8 | Th. Ae Ge BD SS Gr SS SS DS SES O SS LD PS Sores aS [SeaVenes 
+ ———4 .e Agta pe anaes pa ee Ld Se ee SRDS D083 Sar Doe Dee 

(nC Fe ee LE ae 

















a 
te 
a 
dt 
ny 
(a 


pega 
‘itt 
| 
[ 
i 
: 
I 


|| 

: 
TA | | 
aii 
Ky 

a 

iH 
Hit 
HH 


snene wow ce “| ae Me cunnt 6 ee eae ee es 
IDbSSsea9sa Ee Ge (ee a ES Le oe 
i1CS8B eo too AH fecaa Ge Ln la ame SSeS SS Soo OES -Serecs So) SoLsS 
ssees gums seenss ones rece = a ee Se ee See ee Seess SEL ret bee } 4 p+ 
Ss ee OE eee ee sicaennienmeneiie 


sone cuvauessar : Sl ee Sec eres eaves cares: DSSS Pa PeseEn 
Booon Sones ee SSeS Saat Sco Dawa S Bas oS Teeks Sneed? Deen Cae ES 
I0GSE Beeaea auena ueaee HT a a Se) ——— BB2g Dll Rt i WeSGLb0 ceeaces 
JOC OS GO GF§ 0g80. Mall Di wees Seun8 
Se Goes 2 Se :* C00lIs ae ae oe ae 
SRGS BOS.) 8 S.S" 1O0e8 Fas BBEEB 
JOCOOGOSUE BECO A e808 tte Te ee BE SSS €EEO880s2 BOSBOCOLLTo 


r | | 
_. 
oe 
HH 
He 
ae 
HA 
| |} 
=i5 


>= =55 
SPS TET i 


Sea See 
a mEscs feo oe] oer fel er) 
(ae eae on 
(0088 M0 ee ee eee 
(iM li i aCe eae Cees 
£7 2m 





. 
PEE EH EH 


Hl 
TILE 
ils 
sete ji 
HF 
if 


he 
a 


al 
Bene seeces 
edie 
ase 45 


ia a aa ttt ttt 

FOUR OT TR A TUT NE CTH | ee 
ANNOTER ATU 1 OO 
ENON LEPSC HUE GH 





BEES EST 
=== 
BEE 
me 
= Sascgeeee: 


tr 
Nw 
= 
= 
Bes 
oles 


idaleabuees Wey 6 WES) Nass Se) 2 aie- 
Ahead Seas 
Heave Frequency Response 


1 


O 
© 


Pitch Frequency Response 


66 





= fel. —{- —-f--| barns L 4 a fan [a] i in a a neoss coos 4 ——- BENUE INTO MIDI aS Bawa Baeoo 
Dili EM DOBBSSe) OSSLOOSSLo0 GED DDE IESE LA RS ewan awe esos 

coo oth ttt IE O00 ne ee ee eS Eee Hh Th iota Poot SUBSRRSELE 2005 C111) ee ee eS Ee 
BOLI GIGAL GCN) (Ot ee eI MN DOOEA Lose haul Za 


FEDER FSGS COGS 007. Se LES IC A BSS TOS CLO M SSL oh oom Leese 
fe BSOVECH CoSEn swean caeTs 2 Ee eS OO EES SeeRTOG ——] Sesser 
_ SCO 20 SE BSd D0SS0 010.) La ee ee EE BD SESE Ss f S280 8000s Swe BS w BC El 00088 88ESe COIN SS OS eae SO CO BeSBar 

OS DSSS 18800 CSC DL) CS Ne OY 88s BS SS awPeson alll laS aS Si Baseae pols (| ae : 
BO et Swe 6 USses $9051 1662) a i ee en ee ee ee LSS LSI BE Be Swe OPS IBLT TRAST PCO 88s = Gee ed ee es Pe 
pm re pe et ee ee te bw ett ee ee ee td 2 
ed BUCIO Dt tS hae Oe ee eee oe) EE SSS eS BSSSe cl Sew walls BS sumer cenns bases anne ene) anes eeeenenes aa oss 
asae etal jaece OS500 00038 CE aE SSE 2 Bw SBMS BLISS SOS EECC 1 SWS BLO 7 ASS bHA00 Hi aa Oe ee en ee ee 7 
BO G09 (COED 1808 1100) C2623 SS LS Ss Se Sas SHO 08 G8tsL 381 BBA AAS DOE SSe seann Pt tt ee ret 
» yeti test Se ene eae See ea enese Geeaeqcaeaca pe | @GRCo £8800 18D) 10000 R_L A412 CL aaa ees. 
OE.1(OT OD (9D ANN Tih ee Ee ee Ce ee ee BS ESS £2 £ UESS 6 Pew Be ee OP 78a ye MEI ee ee Be Sie Sees : 
af" 146_13— 408 , 








00800 Car a ae 

el Cee a a SEED OG DRO we PAGES NNdTs EEReEE SEBwe RGens oRets 60001 ENO ee ee 

' eco GSSBSSe2l002 a fp toy a et a 
FER AOGCO AOOCNCCT TM oe SC ee Oe OM AONE EOC >on me MANE OOS Mihi: Beans 

ESS BORG BOSS nee Rei ae BANS BERES Paes FONE TE 4 Weenn Seees leeds et ee ee eee | 
0 YO A EL A A SSS OTA) aL ROC CRS ORE ae ae Imes ss 

SGGTS ied sas eee eres rpmesbuzel tpl 68 eg Deses ase tt oeana eees 

L } | : 


Pp type dig d+ Paes coed) 


ann CURES COGTGCELOE 1 A A TH YG OO SMB VESNTTUD UNL 
; SUE TAREE ATT] CAT] [ssl nna Lan ETL EERE EE HOSEA GEA UE En fot 


nega FnaT1 iff 
PEPER IMME Pe CeCe Cet 
PURO AT AERC CH Re eaa 
DEAEEDAT EGAN EE AS ND HTT 
PTAA ety Te eet. cee S00 LH to HO PO 


SS SSS Sees cases tsSss a ee Re SSE SEE 8000. SSS SS SSS SS 








I 
— 
i— 



































——— Brass pe] Pt emang a ee ee GIES SS SS SS SS SSS SSS OSS Sa wee eee Is eae Pes | SBera Sauecenses == Sen a ee Se) GS GS) SS Se a ; —— ———_ 
2 eS os ee ge eee Pe ee Se ee Se ee es ere a PES TSS HLSEl Ra 
SaAEEEEEEDEL SAU ROUNER hemmmeeh Guteneate Gan | een eae Pee Sess BD 
LS SSeS Seeley €@e SS ésras 248 
BOSS SSE GS BrBSH 84 FS 056.’ [pe | aaa BS 
a oe eS Sa 
2a LE Reel ey Se dam eaesa Sees st Ese SS aa een 
“Suan &p. © ayy 6 @ Ine GRDS Ghana SEEGER GEneeme See nd §SGa 
SSB awe GS GAARS 14003 Gala ee ee OL SS ee ee (nee OS SSE BE SER Ce Ses pee 
Oo oeeaa8s ae 68 Bin Bl BREE SE Saw 6 OS Bw Se OBO GROS4 beSEE CBSO BL. ING SReasea Faae0 REC ae 
DiC B@SS5 SBSS9 FOS80 9890) a i EE 0 ae Ss Ba DS Bee COREE Pees Da awe \ ho Sat a 
BARS Bee Se a a Soe 7) el. SS aaa 
6h ee ed ey es BD ee Ble Be Ie a 7 ee Oe eh 7 eo ee ee CD ee ee See ee ee ey oe 
BOG 3880. 16066 10800 Gab PRL 2 ee BIER 6B IIe SS ESL AN OLE SS 188. 18 188d SAT GEL. IG LSS As ICs ON C0 CO EE ee 8 Be eee 
“1 Se3 (eee SCG 1000) I BEBE E30 8 SRB DO OE AR EO 1S SBOE OMe) 86S) (Ml hao eee eee 
Picti tia A 08000 00000 lm Ges 69 GS SSS ORR SR EDMNM AS 1d BRE BBS 8 CLE8OBROCOICCI BOR Be ol ees aoa eS ifs 
Bee. [ C68 120 } IE GE GE EE Ee 2 eee ESE 7 oe BP Be EB eB Se BBE SD GOL ZETIA ok a ee 
ae p26 15-2088 pa ee ht a ptt teh ty pa fret Ye bth ne pe ee i a 
G0ese8 Gan 0 ae OS BS PLT BSA Cit I DOES BSS COON BOO EE eye awa 
8 SRRae 10808 0008 3 RO 6 0 I WE BESS SCE SRNL IGiI ee ARIES. : IRL eee Cee 
STC TAMA COMES OFAC a a eS A AT CET RS Ea TM AME NeTS 1000t Rk eS eee eee 
ear See EES DP Or ES Gee era RES Best Far CTC 16687 RS, ee es Te 
mae ia it | | et eee Lee al Ue mel Tee aT Ree) MUR | be) old 
000) Eh a a CS ee oo CR SS. IE LRN Oe a 
ML a a Ss CT OG Psd BRBE SSE Ch a ae eee eee 
a Sieh | |) a tl oe eel ee I a oe Pen | oN | tot dd ole 
Ramey With! |) |b | Jude | cael tol ee abut lain) pb’ [ilmk tea likincllaiini = | = WO) ti 
2 th." 26 1 anansn WD GUE GDEU YAETCLE) GUUEEEE Gommnnn nnn EERE GED LESS GlmmDD ADEN utnn el CSG GSE PSS NN MR SEE SDS DO CRN Se WE RSEDUI) GSO ened Geen eee le RDN Gemeente EuneeGan Om yi 
pope pe fp fe pe fee fp OB SLAR CSRAH PPATRDTee 2 ill fn bees Ge Se > 
@ BOO 00 (Gia) Baan Gan Oe a GS Me SSS Of Pea EBE SSR SS OSE. 13 BESS 11 800 06s ee aaa ee eee ee en a yi 
© Coe Ga08 GSU 05E0) Deeneted at See Sea! Sosa ra I MOSS I Ca TSSSer ar asecem SaaS ae Je OeettE CCG 6 >) ne Ol Vs 
HD S322 C9 ET P60) IO Eee ees ee ee) (ee) ee eee ee ee ee ee ee Bon AeaEe 7S LE = 
a CUS M8600 t6c ee 1 ase Oe eT CT SaeRerd Meret FHSS. eae Ie SE NE TTOtN Soma eo eo ass = 
ODE 30 COS CS BOSC CICS Cee ee ee a Ge) BO) S HS POSS BHO Me ORS 6S OMS SSO NIE 1 oe oe a ae ee Zo 
é CDOOCOD CU 0 RSRS 09016 1004) et a ee ee EE Re SOT CSR eGR BM BVSS FF SLT ASR) IT TSAI 101000 oe OE). ee ee) _ 
Hf Pe fh ff pe 
OSB00 SOCTE III 10D ME 1 6S 6 OSE EE eS Pt SSE SEHD LDA leleaeparaes OC RSS 1013S Li 18 C01) Be BSE ees — Ea = 
Bann GEO 1980( BES 8S eS ee eS Ld Bee a Eh ee SSORs aE BBeBea Db BSAC CRESS BRI Nee eee hia a | = 
OCT CDSE (BES 1861) ee Ge en ED BE SNAP aH VAs FRSRG TSE. BBL PBI CMe 118s 1M) MR aes Ree i E* 
OO C2 Ga0 SORES 16S 1068 as ee PS (SS 0 BW SSSR CSG 8 PUARECL BRB EDA CESLS (OUD wm ae ee aaa ae lt. 
== Gann OO LOCCE 000 Ce Oe Oe eS ROIS see CII PE CIS PCI PGC ee ea Ee ae eee 
a" HH LE 10CGSE C080 (100) Rs ed ee CV OS DAR ROUL RES: SE BOCEE ELLIE ln a eras 
QUEL 8 eS a a a a a a PS ks) SR SRSET ING Il LO a | 
“SG REC 1 QeCMill 00 £10! nam Ea GSO Get atc eg I COMMU EGG CAGLM@e GSMO CTOCGOEC ACCC d ¢16) mm S00 Gmetad Ct Gas Gm coon OB a2 
mime sn Lt nt en TP ee TT eee Cire ne tee | esr aa er 
COL CWS MALE LAN a a a a Fa eT A SS Le STARA a OTN OC TANS a 
old preteens bape ee tne net er bee et bate a epee fret Leet ttf mtn i 
eee fy be ET fab el et es See TTT a aii te @ | | tere a 
Sp 
Nee Ted ttt HEN EE ene ERI RET RUE DOETATEaTT EEE GREE Tenae Ieeed io eee | 
y 
| 


TIT iti! oo ee HE 
; | 
ae af a | . , 


—_ so ow 









alt 2 


Bagure 7a. ev JOmetS weno Geile 
Ahead Seas 
Heave Frequency Response 


O © 
Hoot 


Pitch Frequency Response 


67 





eee GOBSG 50008 10801 Sheet tsars KSERIESSee GEMS SSS Sobers sees 

















— — i — BESES Estas 8588 
BoD 2o cea go G Ble ein ae ea ee aa lzw ee ee SSIS 2D [ag ta aS5 esis se bt) Ee = 
€S800 00101) EG SwiG@s Sa BSS Seea 8 B CS BD GBS ge 8SS25 sea = SS Se) Pees 2S Bee SE 
PBS GPs E Paes tess 5 ae ee ae ee ee ee a 2 a RS SE EES ES SS BMS FS SSe PS 28 0 eS ae nes Ee le a 
J Diet SS ESE SE BEE BSE SE 1c het SO aSaew BS Sas Geo a aa | ee) es |e) a 
ELSE CO CG hb S Fa £8 S558 0906 GS Ses ES Se th a eeres 7 hw [a | 
GSB 6S BSE Ges 2S Oe Seo SesS eae tea Sanne t= Ce OSS Se ir 
TOSCO Ge @ Oe G88 88 bear 1200 Ge ee EE Se 2 eee Ped ane ee Se ee Came we eel IL teLce 7 Enc ee 
TCG OG PGES CORD 1008 Wt Dee EE ES VE DW PSOl PEO HERS IED IEP €Bl Ih CR Gls 10000 0 COSI OO eae 
EIaB8 See |e | CSE SSC Tee Cros tae LT CT Temenos | cemeessp eee mes [ee [ome fame [a ate | 
REMUS SE enc3s SSIS ETOCS IS IA PONG Sas 
Tin GaSe eo 3C1 einas G&S CERES a mrt aaa ei Bes 
aan GUREGE GOGREs au a 0 080 1200) Ee SS 
2 ECC CSM00 00000 Oe os oe Oe oe meres Eee SECT eMC OC Ullal ea G mwa OL Seo INE 0000 tl Cee ene gaaom 
SOG0 7 NOGC S00 RES HONE oe a CS EE ee ee Seel see ole i eee eee 
TS a 0 A ON A DA aw A OS A OS NO LO 08 a 
= SST 7 SEE 180 Ga 100d 000 er a Se ee IE ee Ag APG ee See 
TIUC OC OGee dee h ON8 AE 008 0 a A AD ee De ee Re N08 11th oe SOO e 
SSS me OOM NUON 008 Aa ae a A LR Ce ROBERN INCE R i an oe 
2 CT CLL 00 UE | aD a Se EE Eee eel) RMR ESN oa ——— . 4 
HUCROS s OBE 0 LAGR ORAAR NAAN Oo BURA MSE DBRT EMSS ABATE ae eres 
) ioe ee a eT ceate Gedehi 7] DRED Gee Pl en Rea beAe 
SO TEERaRA io es SSN ee a fi a a 
ese BEBEL GSEs COSHRNENE BR BERARAEAAAN LE Hl See So ae Bee 
(and Pott ni EMSS BEST IAABL IIe CORE ECL eee Lee Sone 
ia8 i ie i i ieee see ees BEE URED OE OMA E ATTEN OAS I is i a SG 
te OO REOARRIS TERY NUT Se HH nit TATOO HL PHT 








it + wwii th itt 











oh 
| 


7 Wa a fot PS SAS 
==Ys JS Renane mas 


he 











ee y- HS EES S 318g te2 2 2°): SSS SSE SaaS =2=F= 
EDaSS Foaed soa8e feses ners sews awe Sa Dae Sees Son SSS eeacees See PS has cases avast thes oes a Se ae 
aaa seas = inn feene == Sn nee Ee Ee es pee fa ty pe a eS == Ci) wae Geese vesea pot pn ne ee 
Dees ae WO SS Sane ee eis ee ee Se Ts Seems PF tia = soaes auoen 5 eS eg ge ee) Ge ee oe ee 
me. 1m ie son __ a ee BS a ee es ee EE Ee Be ee Sa SS Sai Es Gee OGD SD UCL) awa 8 0 ees 
52s Bes CCC 8B 0005S 62000 Ga aw OE SS SS es Sa 8 es SS © Oe SS Ss ee © Saw 2), Os SDs 60S cbees ews SS se 
Bee aeeag 1 = a a a RE a ee Sa ee BES eS oa p+ — | Beare GT 18001 10807) i i ee a a Se a a 
¢ CO OOC BSCE §BE SD 6560) 10 en SS DE EE ES IH BS ED PSA E ESSE LHS SaaS RBS SN 08801 NO) RE ESS BS Slee ME oS 6 wes 
1S 0 SSS 5 Feo 6e9 4063 3 ee es ee ee ee 8 0 2 SS DB Se 18 Oe DB eee 25S OC BB.!.>*. Fo 0S 0 1664) Ge ee ee ee 
LEaSsnBe pt pe pitt ph ep et a fee ft bee oe fl be ee pt 
ruse COE OER 0808001) = El BE BS aa Se 8 BS Se OSE Eo BBS OG SC_ 1B REIS, VSeG 22008 
Lasennn BSE CISOO CHL IC IC 1 Ge Ss SS CES WSL BE SHAD CISA CSCI WO Os EPI OSSERGES ©) 1000000) CoE SSS AOeees Dw 
+ +t Foot fp fd ef a ta fp ee bite pepe Sage te te tf 
42 RG (OSC (CoS Ge TE ee ae Oe BOE BOCs BOS) .- ICO ee SE Oe PO See 
annmenm "48 18 Lama ¢eeee tan ps Gass aawanmansans meatenanen BNL ES OS BUC IU EL Ee UG S56 BESSA BL.! 8! (8 18L) 1 eee De ee EE eee 
| TOSES East 0 COULD (10 i iS JE WE BSH BLE 82 6 810 00 62 SSW OSM 1 POEs 608th A Dal Se DS 
: ab ee err tt ptt rt pte pe fe AA fp pt 1s 
ememerr Met ea tt SOUPS SSC 505 aD AE ORE E: | ne a 
: TSE BHEGC HOnsA bets (114i pomremremnomeeee 3 St SEBS) (38 (69) Ra Cee! Gee eet i ee eee 
SEBO FORGO RONEN RneNd jatG Sm Ol at i Ot | 
momar tat tt ey a a ee en et ce a ee 
eee oo ee eet Pee ie ee 
me pe fo A me Oe EB GS) tT 
CPS 600000 PNG Le OR Th BBS. ED POTS SLRS OGLE LCE 
Sennen. 458 es cal 2OG Ga GUnEDGnSEnn GUEEE GUEEDGIED GUEDEGEE ENED GEEGEE EuaaneeDanDaE Cae £ SE 2 OR S1 SESS Saas DanGnan Gunes GanDane ta. a a ae 
J SS eee Ss oo OR men EOees SUEDE a eee 
US SoS 6e08 (00 1 Bae aa ites 0 Oe Oe = Gest, GES € 5 See 1G 5 oes Sear ae ewe SSe SD ae She | Saja Es a ass 
lO SUS @G@eee6 os os 2: omsee Ue SY Be. 18.1888)" £2 Bae 2 OS 2S BSSSE BSI ER WOME) Deane ee S 
| OEl0 DES tesS0)10l) Sas el RR Bea BOGS 2 FEB C367 SSS 2 OSEAG BVS]20 BEC (IGE 0 BA I DSS SSS ea 
_ CO COGGE BOSt8 BM 10h) BD Re Be eS ase pm pnt ne pte fee epee fe eto A 
UOC CERRO DORRS 00 BGS BSNL] ee Rae EE Se ERED AAO SP FS ICV... SECC DM Wl OH OF O BORON ACOSHASAHS M1 lt DSi 6s wee ssw 
Gains Ei BE ES 0, ( SS OS OME 2 AH ADRS 6 UI SSP SE Ss PSIG) LAC IOCCd it 1) i ee eee eee Se 
L230 OCC FEDS SE 111) RNR RES I ee 6 ra OS SON. {40 DHS SBOIED BECO ICL i 175 Ne Ee (t Eee Le 
iL DCOCGRERD ECE GH 10000 1001) RR a CS BES Te BS EGE TEE OI 801M WOODS BBE C8 RICCI I Oe Bm Oe Pen De 
DO ODOC COO BBS8) BENE 10D EG E25 DWE LSS SS SASRS LILI 11 COBB PARIA PERI NAG 00000 i WE ae 
fOEGaa (0000 10068 1905) a a ET DH SS OI SRSA 9SEEI00073 CUNEO OAL 1BSen 11 oR Or eee 
TU SSH RHRKs 10088 (0) CS a OE 2 DISSE BSE BOLT IE OSOSS ICSC UME BCACPICEMIU BMI THI EAP lta Ee Ew 
LCDS OT OS 6) a a TS A SG ee NH WO 0 OD NY I — 
minis ARN HA 00800000 Ht En RD ON UO eN ates RR EA SSA noes coeneS es UE Rs BAe Sones ished H0Ki MANERA eames <3 
2) TD 00 C0 a BN BEB BS COR Es Le) ED CS BE a0 0 Oe 00 0081s en) Se Seeee.. 
COON RAD NE a a ASE KATO | a = 
—— —- VCH: 1 ae; A TTS AT SET SHOP TANASE Ol AP OS SAGA AGA TG OO 180 A RO 
COLE TEE LY es i a ee LEE MRR ee A ++ 
Peer treet tte tt te Ee et WA 
EET LETT OA ON TO i a aa a a SSS PORNO NAA OO RSS LTE ITE TL TNNT NT A Res A 
DD) TOO TY AG Oe a TG AN ANA A RE OE GE AE NC 0 a Ce ee 
TN ER SHOAL Oe eey, tt 
a a aa ae ; 
OT | OR A RADHA ESN OR A ASHE NTT OT LT NN ee OY 
THEE A oC WE ODE wo 
| CAEL oO SAE 
| | ‘A 
DECREE HAULAGE NE TS 


feo 
we 
tne 
ON 
ee) 1 
t~ 
© 
nh 
©O 


= 
WD 


Figure 18-A. Heave Frequency Response vs. Wave 
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Figure 19-A. Heave Frequency Response vs. Wave 
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Figure 19-B. Pitch Frequency Response vs. Wave 
Height, V=30 kts 
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near ins This is not true for the pitch response where at 
the higher frequencies the response falls off faster for 
greater wave heights. A comparison of the responses as a 
function of speed for constant waveheight is shown in Fig- 
ure 20. Clearly the response in both heave and pitch is 
dependent on the speed of the craft. 

A comparison with the four degree-of-freedom 
theoretical response in Figure B-1 in Appendix B is also 
of interest. Both models show the speed dependence of heave 
but not of pitch. In general the theoretical response char- 
acteristics fall off slower in both pitch and heave then that 
obtained from the XR-3 digital simulation and the theoretical 
responses would appear to be independent of waveheight at 
resonance. Also noteworthy is the second peak in heave near 
ads for the four degree-of-freedom model which does not appear 
in the six degree-of-freedom model until a much higher fre- 
quency is encountered. 

The frequency response functions obtained from 
the XR-3 Loads and Motions program show that at low frequen- 
cies representing waves with large wavelengths as compared 
weethe craft length, or the length of the bubble chamber for 
the CAB type craft, the simulated XR-3 will follow the wave 
surface and slope. At high frequencies the wavelength is 
small relative to the plenum length and the craft will tend 
to not follow the waves but will “platform" over them. Inter- 
mediate to these two conditions is a range of resonant fre- 


quencies for which wave inputs, particularly the wave slope, 
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Figure 20-A. Heave Frequency Response Vs. Speed, 
A=0.2 ft 
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would be amplified to result in craft motions that could be 
Significantly larger than the input values. Figure 21 plots 
the dependence of heave and pitch on the wavelength to plenum 
length ratio. Note that in terms of this ratio, heave is 
fairly independent of speed. 
b. Following Seas 

Following seas runs were simulated for craft speeds 
of 10 and 20 knots with a wave amplitude of 0.2 feet. Steady- 
state conditions could not be obtained for V=10 knots, Wo=8. 
Nonlinearities were noted primarily at 10 knots in heave for 
the lower encounter frequencies. Figure 22 presents repre- 
sentative examples. 

The frequency response functions for the following 
seas simulations are presented in Figures 23 and 24. The 10 
knot response characteristics can be compared with the four - 
degree-of-freedom theoretical response in Figure B-2. As can 
be seen the two bear little resemblance to each other. In 
particular the magnitudes are considerably smaller for the 
digital simulation. The digital simulation's pitch response 
has the general features of the theoretical response, in 
particular the notch above W=2 is evident in both, but the 
heave response of the digital simulation has a resonant peak 
in contrast to the notch in the theoretical response. 

c. Abeam seas 

Runs simulating abeam seas conditions were conducted 

with a wave amplitude of 0.2 feet for craft speeds of 20 and 


30 knots. For abeam seas the frequency of encounter is not 
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Figure 22, Heave Nonlinearities 
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Figure 23. V=10 kts, A=0.2 ft, 
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Figure 24. 





a function of the craft speed but is the actual wave frequency. 
This has the effect of producing considerably greater wave 
Slopes than were encountered in the ahead or following seas 
@enditions. 

Nonlinearities were found in pitch and roll at 
the lowest encounter frequencies. However since pitch is 
coupled to both the roll and yaw, nonlinearities in its 
response were to be expected. Typical responses are presented 
in Figure 25. 

The heave frequency responses for the two speeds 
were so nearly identical that they can be plotted as one as 
in Figure 26. The frequency response functions for pitch 
and roll are given in Figures 27 and 28 and also show a high 
degree of independence from speed. Comparisons with the 
theoretical responses are not possible Since they are based 
on a craft speed of 10 knots. However the theoretical pitch 
response does deserve some attention. The pitch frequency 
response function shows that for the lower encounter frequen- 
cies the pitch amplitude is equal to the wave slope. If 
there were no yaw, as believed to be the case for the four 
degree-of-freedom model, the pitch of the craft would be 
minimal, much as is characterized by the responses from the 
parsital simulation. 

2. Operating Characteristics 
The operattim= characverisu1cs of the AR-j} program 
were defined as the average draft, average pitch, and the 


thrust necessary to maintain the desired speed. Figures 29 
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through 36 present this information as a function of encounter 
frequency, craft speed, wave height, and craft heading with 
respect to the waves. For both ahead and following seas the 
20 and 30 knot runs show great similarity. At resonance there 
is a large increase in average pitch and draft along with a 
significant increase in the thrust necessary to counter the 
increased drag and maintain the desired speed. However the 
10 knot runs are markedly different in that during resonance 
it was necessary to decrease the thrust to maintain the speed. 
For the abeam seas conditions, the calm water thrust 
was adequate to maintain the desired craft speed. In all 
cases except one, the average draft and pitch remained at 
their calm water values. As noted in the procedures section 
steady-state yaw was a prerequisite for obtaining steady- 
state responses in heave, pitch, and roll. The peak-to-peak 
and average values of yaw at the end of 30 seconds run time 
without rudder control as well as the peak-to-peak value 
with rudder control are listed in Tables G-10 and G-ll of 


Appendix G. 
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Figure 35. Operating Characteristics 
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V. IRREGULAR SEA RESPONSE CHARACTERISTICS 


A vessel's behavior in regular waves, as was obtained for 
the digital XR-3 in chapter IV, is of fundamental importance, 
for if the vessel can be described by linear responses, its 
motion in an irregular seaway can be described as the super- 
position of the responses of the vessel to all the wave com- 


ponents of the seaway, i.e., 


mew) = XCw) Hw) 


To check the validity of the ahead sea frequency response 
characteristics obtained for the XR-3 digital model in regu- 
lar seas, the program's ability to simulate the craft's motion 
in irregular seas was used. 
The irregular seas were constructed using wave option 3 
in which given the Ay /3 and the range of significant periods 
the component wave frequencies and amplitudes are calculated 
by the program uSing the Pierson-Moskowitz spectrum. Each 
irregular sea generated was composed of ten wave components. 
The significant wave heights and range of significant 
wave periods for various sea conditions were obtained from 
data compiled by the David Taylor Model Basin, a portion of 
which is listed in Table II. The associated spectrums were 
plotted in Figure 2. Using the procedures developed for ahead 
sea runs in regular waves, Simulations were conducted for the 


conditions listed in Table III. It was found that in sea 
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significant Wave Heights and Wave Periods 








State Velocity "as "1/20 snares otal 
(knots) (fies) (ete) Periods (sec) 
0 Z O.0s Orr ae, O-1.2 
iL 5 0.29 ON Su 0.4-2.8 
ile Shae er 8) ag & 0.8-5.0 
2 18, 1.4 1.8 IO mom 
2 We ae one dO =o 
Zz aS Sue. 209 Bo % 1.4-7.6 
TABLE IIl 
Irregular Sea Simulation Conditions 
Heed "1/3 per alae 
(knots) Care) (1b) 
20 0.29 186% 7 2 
Leo PATONG, 
1.4 225.0 
30 ee 300.0 
1.4 OO 
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states with significant wave heights greater than those listed 
in Table III there was nearly continuous contact with the top 
of the plenum chamber, a condition which is not accounted for 
in the program and therefore avoided. A typical example of 

the generated irregular wave as seen at the craft's center of 
gravity and the responses to the wave are shown in Figure 37-A 
through 37-E. Clearly apparent in the heave and pitch responses 
is the “low pass filtering" of the wave excitation's high 
frequency components which was the dominate characteristic 

of the heave and pitch regular sea frequency response functions. 


The magnitude of the frequency response function is 


H(w) = aye 
In order to determine the excitation and response spectrums, 
the discrete fourier transform (DFT) was taken of the wave 
excitation using an IBM 360 library subroutine as described 
in Appendix F. 

To obtain an accurate representation of the spectrums 
with the DFT, several conditions had to be met. To prevent 
aliasing, the high-frequency components of the time function 
impersonating low frequency components, the sampling rate of 
the time response or excitation had to be greater than the 
Nyquist rate. A sampling interval of 0.03 seconds satisfied 
this condition. The frequency resolution of the DFT is 1/ 
where ~ is the sample length. The longer the sample the 
greater the resolution. However this conflicted with the 


actual running of the program in which greater than 2.5 minucges 
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Figure 37-B. Heave vs. Time 
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Figure 37-C. Pitch vs. Time 
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CYU time was required to simulate the craft for one second one 
run time in irregular seas. Finally, the bandwidth of the 
Spectrum is a function of the number of sample points and 
the sample length / Ref. 12.7. A 512 point DFT, which there- 
fore produced 256 frequency components, and a sample length 
of approximately 16 seconds were found to produce good discrete 
spectrums. 

Figure 38-A shows the discrete magnitude spectrum of the 


wave height at the center of gravity for V=20 kts, H, ,.=1.0ft. 


1/3 
Note that the spectrum produced is a function of encounter 
frequency since the data was taken while the craft was in 
motion. Also shown in the figure is the encounter frequencies 
and amplitudes of the components used in actually constructing 
the irregular wave. The two agree quite well. 

Figures 38-B and 38-C present the magnitude spectrum of 
the heave and pitch responses to the above wave excitation, 
again as a function of encounter frequency. The "low pass" 
characteristics of the heave and pitch regular sea frequency 
response functions are clearly evident in the spectrums also. 
However also noted are the components at frequencies below 
Be = 3 for which there is no excitation. These values were 
ignored. From the wave spectra data, the frequencies and 
amplitudes of the peaks were obtained. The amplitudes of the 
heave spectra were also obtained at the same frequencies and 


the ratio of the two were calculated (see Table G-12, G-13, 


and G-14) and are plotted in Figure 38-D. As a comparison 
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Figure 38-A. 
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Figure 38-E. Pitch Frequency Response 
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with the heave frequency response resulting from regular seas, 
the response for V=20, A=0.3 ft. is also plotted. 

To determine the irregular sea pitch frequency response 
it was necessary to first calculate the actual wave frequency 
from the encounter frequency and then the maximum wave slope 
for each wave frequency. The ratio of the pitch amplitude to 
the maximum wave slope was then determined and is plotted in 
Figure 38-E. Note that for both the heave and pitch irregular 
sea frequency response functions there is close agreement 
with those obtained in the regular seas runs. 

The spectrums of wave amplitude and pitch and heave 
responses for two other combinations of sea state and craft 
speed are shown in Figures 39 through 40. Also presented 
are the associated frequency response functions. As can be 
seen, the frequency response functions for the irregular sea 


runs agree well with the regular sea responses. 
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Figure 39-A. C.G. Wave Height Spectrum 
V = 20 kts, Hy /3 = 1 star 
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Figure 39-B. Heave Spectrum 
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Figure 39-C. Pitch Spectrum 
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Figure 39-D. Heave Frequency Response 
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Figure 39-E. Pitch Frequency Response 
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Figure 40-D. Heave Frequency Response 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


Se re lene eneenayenPontisbeosanenereeses 


The XR-3 Loads and Motions Program was subjected to a 
wide variety of wave conditions. The conditions necessary 
to obtain steady-state operation were determined and the 
frequency response functions for heave, pitch, and roll were 
developed. The heave and pitch frequency response functions 
obtained from the regular ahead seas runs were found to com- 
pare well with those obtained from irregular ahead seas by 
use of the DFT. In general the nonlinearities inherent in 
a six degree-of-freedom model were found to be minimal and 
exist at the lower encounter frequencies. It is believed 
that the results from this study provide a good baseline 
with which to compare future modifications to the model. 

A most interesting study would be to obtain frequency 
response data from the actual XR-3 test craft and compare 
it with that obtained from the digital model. It is recom- 
mended that a closer look be given to the model's simulation 
of the craft at the lower speeds. It was noted that during 
resonance at 10 knots, as the craft sank deeper actually 
less thrust was required to maintain the desired speed than 
at the other encounter frequencies. There appears to be no 
plausible explanation for this. 

Although the conditions under which gapping of the side- 
walls occurred were determined no effort was made to determine 


the actual air flow rates out of the gaps or if indeed the 


a0 





air loss was great and rapid enough to cause the loss in plenum 
pressure noted and therefore the settling of the craft deeper 
into the water. Finally, although not analyzed or presented 

in this study, data was obtained and is available on the 
vertical accelerations of the center of gravity for the major- 
ity of the steady-state runs. Analysis of this data could be 
of use in defining the habitability zones for the simulated 


XR-3. 
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APPENDIX A 


Encounter Frequency 


The frequency of excitation is commonly given in terms 
of the encounter frequency, the frequency actually “seen" by 
the vessel. Due to the forward speed of the craft, the fre- 
quency of encounter with the waves is increased or decreased 
depending on the relative direction between the vessel's 
course and the direction of propagation of the surface wave. 


The encounter frequency is given by: 


We £2 (c-V cos) (rad/sec) (A-1) 


where “% = wave length (ft) 
C = wave velocity (ft/sec) 
V = craft velocity (ft/sec) 
(3 = the angle between the craft's course and 
the direction of propagation of the wave. 
Given that the wave velocity, C = (ZA)? and the wavelength, 


= -=S where w is the wave frequency, by substitution into 


A-1 it can be shown that: 


Ww. = eatin Vcos G4, (A-2) 
e g 
For a vessel heading into the waves, (3 = 180° and 
ee Cize 
We A (C+V). 


122 


For this study it was desired to simulate regular waves 
that produced integer values of w, between 1 rad/séc and 20 
rad/sec for a given value of vessel velocity. The application 


of the quadratic formula to equation A-2 yields 


1 - /l+ (4vw.)/g 
MM ee (A-4) 
2 — 
& 


Homes = 160. 


ii@mgecelationship is plotted in Figure A-1l. 
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Figure A-l. Wave Frequency vs. Encounter 
Frequency 
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APPENDIX B 
Theoretical Frequency Response Functions 


A theoretical frequency response model for the XR-3 was 
developed by the Aerojet-General Corp. / Ref. 7 / using a four 
degree-of-freedom representation of the craft with responses 
in heave, pitch, roll, and surge. It was assumed that the 
response motions were small enough so that deviation from 
the linear response was negligible for the motions in the 
vertical plane. The requency response characteristics obtained 
are reproduced in Figures B-l thru B-3 and show not only the 

ih 


theoretical response but the results from = scale model tow- 


ing tests as well. 
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Figure B-lA. Heave Frequency Response, 
| Ahead Seas 
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Figure B-1B. Pitch Frequency Response, 
Ahead Seas 
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Figure B-2A. Heave Frequency Response, 
Following Seas 
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Figure B-2B. Pitch Frequency Response, 
Following Seas 
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Figure B-3A. Heave Frequency Response, 
Oblique Seas 
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Figure B-3B. Pitch Frequency Response, 
Oblique Seas 
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Figure B-3C. Roll Frequency Response, 
Oblique Seas 
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APPE Nitec 
TAL tialeec ona tions 


Prior to running the computer model with simulated wave 
conditions the "calm water" initial conditions had to be 
determined. Previous work by Forbes / Ref. 4 7 and Menzel 
{ Ref. 5 / had shown that the initial conditions used in the 
program had to be close to the steady state operating values. 
Failure to ensure this would result in either an imbalance in 
the forces generated within the program and cause the program 
to stop due to an improper integration step size or transients 
that obscured the response of the variable under study. 

The steady state conditions found by Menzel for his 
Program 3 /Table XVI, Ref, 5_/ were used as the initial input 
to the computer model. The program was run using the constant 
speed option for forty seconds simulation time at nine different 
speeds. The steady state value of pitch angle, draft, plenum 
pressure, and thrust were determined for each speed. These 
values were then used as the initial conditions for a second 
set of constant speed runs to verify that the steady state 
values produced no transients when used as initial conditions. 
A third set of runs with the constant thrust option in use 
was performed to verify that the speed was maintained at its 


desired value. 
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The "calm water" steady state values determined by the 


above procedure and used throughout this study as initial 


conditions are listed in Table C-1l and plotted in Figure C-l. 


TABLE C-1 


Calm Water Tnatvaleconai tons 


Speed Pitch Wpetel re ae Plenum Thrust 
Angle Pressure per side 
(knots) (deg) (in) (psf) (1b) 
101518 ioe Selly 23.93 ZOC 
2.5 Hoe (EOS 24.84 174.71 
iS. 0 0.84 6.74 24.84 167.85 
B75 Ones 6.41 24.84 L7362o 
ZO 40 0.48 6.12 24.84 186.72 
Zee 0.36 5 24.84 20507 
25.0 0.29 Dyn (ls 24.84 229.31 
27D Ones 5.48 24.84 PIS on (5 
50.0 16 2s: 5.34 24,84 28722 
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APPENDIX D 
Craft Parameters 
The following craft parameters were used throughout this 
study. The parameters are listed by Input Blocks. Also 
listed are the associated variable names as used in the 


program. 


Integrator Tolerances: Block l 
Number of Integrators Used: 10 
Runga-Kutta Variable Step Sized Used 


4 Mh 


Tnitial Step Sizes: 1x10 °, 2x10 -, alo, 1x107’, 


SLO? nag 1x107?, 1x107?, 1x107*, ‘ay 
Masses and Inertias: Block 2 
Weight: 6050 lb WEIGHT 
Longitudinal Center of Gravity: WOU )S, sae wR eheicuatel —a)t 


transom, XS 


Vertical Center of Gravity: 2.54 ft above keel, ZS 
2 


Fe Mags Moment of Inertia About X axis: 2870.0 slug-ft 
AIXX 

Toy? Mass Moment of Inertia About Y axis: 9320.0 slug-ft*, 
ATYY 

eo? Mass Moment of Inertia About Z axis: ey Sere) 6 ©. slug-ft*, 
AI2Z 


: 2 
I, Mass Moment of Inertia About XZ axis: -2800.0 slug-ft', 


AIXZ 


=e 





Craft Geometry: Block 3 


Total Craft Length: 24.7 ft, XLTOT 


Number of Stations along Port and Starboard Sidewalls: 11 


Number of Stations along Bow and Stern Seals: 5 


Sidewal: Block 4 


Y distance from centerline to sidewall: 5.37 ft, YSW 
Average Wetted Length of Sidewall: 21.9 ft, XLSW 
Leakage Orifice Coefficient of Sidewall: 0.7, CFSW 
Cross-flow Drag Coefficient of Sidewall: 1.28, CDSW 
Average Beam of Sidewall: 0.5 ft, AVBMSW 


Stern Seal: Block 5 


Bow 


X corrdinate of Stern Seal Hinge: 3.97 ft forward of 
Bransom, XSoL 

Z coordinate of Stern Seal Hinge: 1.875 ft above keel, 
Lond 

Base leakage area: 3.87 £t*, ALEAK 

Seal Leakage Orifice Coefficient: 0.9, CFSs 

Length of Rear Support Cable: 12 875ene 

Pressure Differential Between Stern Seal and Plenum 
Chamber: 1 psf, DPSS 

Length of Leading Edge of Seal: Wen(OS) athe, GLa 

Seal: Block 6 

X coordinate of Bow Seal Hinge: 23.44 ft forward of 
transom, XBSI 

Seal Leakage Orifice Coefficient: Ong) ChBe 

Pressure Differential between Bow Seal and Plenum 


Chamber: 1 psf, DFBS 
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& coordinate of Bow Seal Hinge: 1.875 ft above keel, ZBSI 
Eength of Rear Support Cables; 91.075 ena 
Length of Leading Edge of Seal: 4.06 ft, XBF 
Base Leakage Area: 0.08 ft, BLEAK 
Length of Middle Support Cable: 1.875 ft 
Plenum: Block 7 
Plenum Length at Water Surface: 20.0 ft, XLBW 
Plenum Width at Water Surface: 10.0 ft, XBBW 
X coordinate of Pressure Wave Pivot Point: 17.2 ft forward 
of transom, XFMV 
mrenum Length at Deck: 20.0 ft, <AL 
X coordinate of Center of Pressure: 10.4 ft forward of 
transom, XCPO 
Plenum Average Height: 1.915 ft, BUBHGT 
Froude Number: 0.556, FNCRIT 
Propulsion Geometry: Block 8 
X coordinate of Propeller Center: -1.275 ft forward of 
transom, XPO 


Y distance from centerline to propeller center: 5.55 ft, 


{IEG 
Z coordinate of propeller: -0.604% ft above keel, 2P0 


Rudder Geometry: Block 9 
X coordinate of Centroid of Rudder, -1.125 ft forward 


of transom, XRO 


Y distance from Centerline to Rudder Pentroid:  5a«o5 iu, 


ooh 


aloe 





Z coordinate of Centroid of Rudder: -0.208 ft above keel, 
ZRO 

Rudder Span: 1.21 ft, RSPAN 

Rudder Aspect Ratio: 2.15, RASPR 

Rudder Area: 0.68 ft’, RAREA 

Average Thickness Ratio of Rudder Section: 0.167, RTC 
Aerodynamics: Block 10 

Reference Length: 20.0 ft, XLAERO 

Reference Width: 10.0 ft, BEAM 
Thrust: Block 16 

Starboard and Port Side Thrust Coefficients: 0.01, STHs 


anid: Srenee 
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APPENDIX E 
Gapping 


Subroutine SIDEWL calculates the forces and moments acting 
on the craft due to the sidewalls as well as the leakage flow 
rates associated with any gaps which open under the sidewalls 
due either to craft motion or waves. A print switch option 
allows printing the sidewall gaps, imersion depths, and total 
forces and moments at each integration step. For purposes 
of this study in which 35 second runs were normally conducted 
the printed output of this print option was excessive since 
all the above quantities are printed each integration step. 
Since it was desired to on only if alcapecccuinwcd sania 
location along the sidewall, and the magnitude, a simple 


program addition was made to SIDEWL as follows. 


C GAP OR WETTED DRAFT CALCULATION SDWLO460 
C SDWLO470 
——> GAPT=0.0 


DO 10 J=1,2 SDWLO480 


7 GAP(J,K)=-DDIN*(1.-(DSW(J,K))/PBHEAD SDWL06 30 
—— > CAPT=GAPT+GAP(J,K) . 


Conroe, 10 SDWLO 640 
8 GAP(J,K)=0.0 SDWLO6 50 
10 CONTINUE SDWLO 660 


Te CAREREG. 0 .O)mcon nome 

WRITE (6,11) VALCL). ( (Gh PCR naa!) 

iat 1) CAPE, ((CAD( Pn ei ee) 
044 FORMAT('(T)',F10.5,11(F8.5),/, 

PG! PLO. 5, LLGRO.s |) 


IL 


C 


SDWL0670 


C LEAKAGE AREA SDWT0680 


—~-12 ALSW=0.0 


Gapping was found to occur under the Sidewall station 1 


for the following conditions: 


to = tGekmots, A = 0.2088 
Wis 4 
fae) cOmknots eA = 072 ft 
Wee ce 
A =80..3 it 
ty By Sy By AC 
m= OF5 ft 
We +iamo;) OnmcrmelO 
V = 30 knots, A= 0.2 ft 
Wee EA aq Spe lio 
A= Oia. aia 
We 4, 55, Glare elOvmles 


Gapping was found under station 2 for the following conditions: 


V = 20 knots, A= 
Ww = 

e 

V = 30 knots, A= 


w= 
S 


Oyo sat 

5: (OO mee 
0-35 525 

5 Og, Onmetse 


Gapping was noted at additional stations for V=20 knots, 


A= 0.5 ft. No gapping was noted during steady-state operation 


in abeam seas, however 


it was noted under the most forward 


station in following sea runs at V=10, Wea and at station 


Peak V=20. Wee 
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APPENDIX F 
A DFT Program 


The IBM 360 library subroutine HARM which performs 
discrete complex fourier transforms on a complex three 
dimensional array, was used to take the DFT of the wave 
excitation and the heave and pitch time responses from 
ahead irregular seas in order to determine the frequency 
response functions. Once the complex fourier transform 
of the excitation and responses was determined, the 
magnitude of the spectrum was computed and plotted using 
the library subroutine DRAWP. The program is listed on 


the following pages. 
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APPENDIX G 


Data Tables 


The frequency response and operating characteristics data 


presented graphically in the text are listed in Tables G-l 


through G-14. 


Ratio 1 


RatLo-2 


Ratio 3 


oOo >» <a #8 OO WN 


The undefined headings and symbols are: 


the ratio of the peak-to-peak heave to the 
peak-to-peak wave height 


the ratio of the peak-to-peak pitch amplitude 
to twice the maximum wave slope 


the ratio of the peak-to-peak roll amplitude 
to twice the maximum wave slope 


wavelength (ft) 
plenum chamber length, 20 ft. 


water contact with the top of the plenum 
chamber occurred during steady-state operation 


calm water draft (in) 

calm water pitch (degrees) 

calm water thrust used per side (1b) 
craft velocity (knots) 

wave amplitude (ft) 


angle between the craft and wave headings 
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